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Figure 1.1 Transportronics transportation system between LEO and 
GBO. Orbital transfer vehicles (OTVs) are electrically 
propelled and execute a circular spiral as they travel 
from LEO to GEO. The microwave beam generated on the 
Earth supplies power for electric propulsion. The 
microwave beam tracks the OTV's through an angular sweep 
of 90 degrees. 

Figure 1.2 A mature equatorial plane power transmission system may 

have 24 or more ground stations on the equator. The black 
disks represent large aperture transmitters to beam power 
to electric propelled vehicles bound for geosynchronous 
orbit. The white disks are smaller transmitters that 
could assist LEO to GEO vehicles but are primarily used 
to supply power to orbiting in du strial satellites. 

Figure 1.3 Jarvis and Baker islands in the middle of the Pacific 
ocean are critically important to a mature system that 
needs four Earth based microwave beams. Although small in 
area, Jarvis Island is sufficiently large for a full 
scale transmitter that would be 2 square kilometers in 
area. Baker Island could be an ideal setting for the 
first experimental installation of a 40,000 square meter 
array to beam power to an orbiting rectenna that could 
first become an orbiting industrial satellite and then, 
after fitting with ion thrusters, become a transportation 
system. 

Figure 1.4 Plan view of the three space systems shown with the aid 
of a mechanical model with three rings rotating at three 
different speeds: (1) outer ring rotating at synchronous 
speed with Earth contains solar power satellites, (2) 
middle ring shows orbital transfer vehicle tracked by 
beam in midflight and (3) inner ring contains fast¬ 
orbiting "Industrial Parks. 

Figure 1.5 Photograph of a 30 cm ion thruster. Thruster consumes 
lOkW of power and has a mass of about 10kg. Thrust 
produced at a propellant velocity of 40,000 m/s is 0.37 
Newtons. 

Figure 1.6 First flight of a microwave powered aircraft occurred 

1964 at the Raytheon Co. 200 watts of power was supplied 
to the electric motor from the rectenna that collected 
and rectified power from a microwave beam. 

Figure 1.7 This beam riding helicopter self guided itself over the 
beam by using the microwave beam as a position reference 
for roll, pitch, yaw, and x and y translation. 
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1.8 Microwave power transmission system that provided a 
certified demonstration of 54% overall DC to DC 
efficiency. Rectenna DC power output was 600 watts 
Frequency was 2.45. 

1.9 Demonstration of beamed power over one mile distance at 
the JPL Goldstone facility in the Mojave Desert. Of the 
microwave power intercepted by the rectenna array, 82% 
was converted into a DC power level of over 30 kilowatts 
Frequency was 2388 MHz. Power was used in matrix of 
illuminating lamps in front of rectenna. 


10. Underneath surface of the successfully flown Canadian 
microwave powered airplane showing the use of the thin- 
film etched-circuit rectenna. Total rectenna weighed less 
than one pound and was wired directly to the electric 
motor without power conditioning. 


.11 Schematic of orbital transfer vehicle (OTV). Rectenna 
collects microwave power, converts it into DC power, and 
transfers it to side busses which carry power to the ion 

t rfy s ^ er ®- The lar 9 e symbolic thrusters would be replaced 
with hundreds of smaller ion thrusters. 

.12 The all electronic LEO to GEO transportation vehicle 
concept is a logical combination of the electric ion 
thruster and beamed microwave power to supply the 
thruster's electric power and energy needs. The rectenna 
on the bottom side of this 50,000 square meter vehicle 
absorbs microwave power and converts it with 85% 
efficiency to 20,000 kilowatts of electric power for 
several hundred ion thrusters. The total thrust is 750 

N f W A°^f-F t °/ Pr0vide the «*** vehi cle with an acceleration 
J °' 017 nvsec*. The corresponding specific inpulse is 
4000 seconds with xenon as a propellant. The orbital 
transfer vehicle can transport as much as 150,000 
kilograms of payload to GEO. 

.13 Oonceptual al1-electronic transportation system frcm LEO 
to the orbit of the moon. The orbit of the moon around 
the Earth is inclined approximately 18.5 degrees frcm the 
equatorial plane. The moon intersects the equatorial 
plane twice during one orbit of the moon about the Earth. 

1 Transmission efficiency through the Earth's atmosphere as 
related to frequency and condition of the atmosphere. 

2 Geometry that relates the approximate fraction of time 
that the microwave beam makes contact with the orbiting 
transfer vehicle to the orbital altitude r that is 
measured frcm the Earth’s center. At low altitudes, r - 
R., and for values of the beam sweep angle p less than 
45 degrees, the term (r-R.)tanp/2xr closely approximates 
the true contact time. At high orbital altitude seme 
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error is introduced but the magnitude of such errors are 
consistent with the error magnitudes of other 
approximations that have been made. 

5 The graph above gives the integrated value of the second 
major term in equation (3.7) as a function of the orbital 
altitude. This term depends only upon r because the 
diameter of the Earth, R. , is constant. This term takes 
into account not only the increasing time of contact 
between the beam and the OTV with an increaseinrbut 
also the decrease in the Earth’s gravitational field with 
an increase in r. 

4 The Goubau relationship between maximized aperture to 
aperture transfer efficiency as a function of the 
aperture areas At and Ac, the wavelength of the 
radiation, and the distance D between the apertures. 
Distribution of power over the aperture is given in 
Figure 3.5 

5 For maximized transfer efficiency for each value of r the 
power distribution over the apertures must conform to the 

above figure. 

6 To obtain representative performance of a 
"transportronics” LEO to GEO transportation system, in 
terms of transit times to GEO and operating and capital 
cSS, a scenario that is described in table 3.1 has been 
assumed. The composition of the OTV as it leaves LEO is 
depicted above. When the OTV reaches GEO it discharges 
its payload and returns to LEO in about 1/3 of the 
transit time for the up link. 

.7 The dependency of (1) overall efficiency of microwave 
power transmission system, and (2) rectenna inciden 
microwave power density, upon orbital altitude that 
results from the parameters chosen for the system 
scenario. 

; 8 The graphs show (1) accumulative 60 cycle energy, (2) 

’ accumulative delta V, and (3) total elapsed time as a 

function of orbital altitude with the imposed constraints 
given in figure 3.7. 

LI Principle of the ion thruster. Positively charged gas 
ions are accelerated between grids with Voltage V to be 
ejected with velocity v. 

4 2 Schematic diagram showing the functions Performed on the 
foreplane of the two plane rectenna format. These 
functions are absorbing the microwave beam, rectifm i 
into DC power, harmonic filtering, and bussing of the DC 
power to terminals for series or parallel combining with 
other busses. 
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Figure 4.3 Simplified electrical schematic for the rectenna element. 

Figure 4.4 Principle of the thin-film, etched-circuit rectenna. 

Circuit elements are etched on both sides of dielectric 
film. There are no interconnects between etched elements. 
The needed capacitors shown in figure 3 are formed with 
the aid of a metal patch on the back side of the 
dielectric film. 

Figure 4.5 Photograph showing the flexibility of the foreplane of 
the thin-film etched-circuit rectenna. 

Figure 4.6 An area of the thin-film rectenna was applied to an 

airplane wing and tested. Output of the rectenna was fed 
directly to an electric motor that was driving a 
propel lor. 

Figure 4.7 The efficiency of a single thin-film rectenna element as 
a function of DC load resistance and rectified DC power 
output level. 

Figure 4.8 Theoretically derived and experimentally observed curves 
for normalized DC voltage output Vl and normalized DC 
power output (denoted as "fraction of power into load 
resistor") as functions of the ratio Rl/Rlm where Rl is 
the value of the DC load resistance and Rim is that value 
that results in zero reflected power. 

Figure 4.9 Composition of the rectenna for the orbital transfer 
vehicle. 

The requirement of the ion thrusters for potentials of 
the order of 1500 volts is met by placing 75 small 
rectenna arrays in series. Each array produces 20 volts. 
The power collected flows laterally to two large tapered 
busses that carry power directly to the ion thrusters. 

Figure 4.10 The rectenna is connected directly to the bank of ion 
thrusters without power conditioning other than that 
shown above. Transient arcing in the thruster is 
accommodated by a "small mass" series inductance which 
lowers the voltage momentarily on the ion thruster and 
clears the arc. In the event of sustained arcing a fuse 
blows and removes the thruster from the "hard bus". 

Figure 4.11 The interaction of the power delivered by the rectenna 
with the power consumed by the ion thrusters is shown 
above. With constant microwave power input to the 
rectenna, the output DC power tends to be constant over a 
wide variation in load resistance, leading to a voltage- 
current characteristic that shows a drop in voltage with 
an increase in current. By contrast the voltage-current 
character-istic of the ion thrusters shows an increase in 
current with an increase in voltage. As a result, the 


69 

69 


71 

71 


72 


72 


74 


74 


76 


ix 



overall system automatically adjusts itself as shown by 
the intersections of the V-I curves. The throttle in the 
system is the intensity of the microwave beam which can 
be controlled in the Earth-based transmitter. 

Figure 4.12 The above chart provides information with respect to a 
tradeoff between bus bar electrical loss and bus bar 
mass, as a function of rectenna area which is 
proportional to power output. As an example of use of the 
chart assume a 50,000 square meter rectenna. Project a 
vertical line from the ordinate value of 50,000 square 
meters. It intersects the power output line of 20 
megawatts. It also intersects the fl curves. If the bus 
bar loss is limited to a (3 of 2% then the horizontal 
projection of the intersection shows that the bus bar 
mass is about 1.3% of the rectenna mass. For a 200,000 
square meter rectenna the bus bar mass would go up to 6% 
of the rectenna mass, etc. 

Figure 5.1 Layout of Earth-based transmitter showing folded slotted 
waveguide formed from thin sheet aluminum . Each 
radiation module is a slotted waveguide several meters 
long. 

Figure 5.2 The electronically scanning beam generated by the 

transmitter of figure 5.2 can sweep as much as much as 
120 degrees in the West to East direction. Scan is 
severely restricted in North-South direction but the 
application does not require it. 

Figure 5.3 Proposed method for precision forming and assembly of 
low-cost, thin-wall, slotted waveguide arrays. Method, 
modified to use temporary forming tools, was used 
successfully to fabricate 64 slot arrays in square format 
that performed well on test range. Same method could be 
used to fabricate long slender modules for LEO to GEO 
transmitter as shown in figure 5.1. 

Figure 5.4 Radiation module composed of a slotted waveguide antenna 
and a phase-locked, magnetron directional amplifier. 
Radiated power output of abut 600 watts. 

Figure 5.5 Radiation module shown in figure 5.4 had nearly the 
theoretically predicted radiation pattern. 

Figure 5.6 Beam steering technology that keeps beam precisely on the 
orbital transfer vehicle with aid of (1) a beacon in 
space vehicle which is tracked by interferometers on the 
Earth coupled to the beam steering system, and (2) sets 
of amplitude sensors which send error signals to Earth if 
beam is not precisely on target. 
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5.7 Row and column steering matrix that is activated with 
input fran interferometers on Earth and position sensors 
in the satellite. 

5.8 Arrangement for boresighting the transmitting antenna to 
zenith position. Illustration shows (1) distribution of 
microwave frequency to each radiating module, and (2) 
arrangement for use of laser beam, modulated with 
microwave frequency, to be used as a reference phase and 
to set the phase at some integral multiple of 2 % at each 
radiating module. 

5.9 General configuration of the five sensor elements used 
with a microwave beam as an attitude and position 
reference for roll, pitch, yaw, and x and y translation. 

5.10 Array of sensors described in figure 5.9 as applied to 
the attitude and position control of a helicopter as 
shown in figure 1.7. Sensors are arrayed an bottom side 
of helicopter. 


i.ll Schematic ciremit for a radiation module consisting of 
the slotted waveguide antenna and a phase-locked, high- 
gain (30db) magnetron directional amplifier. 

’•12 Conventional microwave oven magnetron fitted with a 
small buck-boost magnetic coil to increase or decrease 
the value of the magnetic field. This coil addition can 
be used either to precisely control the power output of 
the magnetron, even if it is connected to a common power 
supply with many other magnetrons, or in combination with 
a ferrite circulator to convert the magnetron into a 
phase-locked, high-gain amplifier. 

.13 A comparison, or contrast, of the phase versus drive 
frequency behavior of a magnetron directional amplifier 
in (1) the conventional locked mode which is 
characterized with much phase shift over a small change 
m drive frequency, and (2) the much preferred phase- 
locked, high-gain mode in which the input phase is 
compared with the output phase and the error signal used 
to tune the free-running frequency of the magnetron to 
the drive frequency. 

.14 The interaction of a change in the power supply voltage 
with the flat voltage current characteristic of the 
magnetron is shown. A change in magnetic field occasioned 
by the buck boost coil will shift the flat voltage 
current characteristic of the magnetron up and down, and 
thus will compensate for changes in the power supply 
voltage to keep the power output constant. The buckboost 
coil can be part of a feedback loop in which the power 
output of the magnetron is compared to the desired value 
and the error signal used to change the current through 
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Figures 


the buckboost coil to provide the type of data given in 
figure 5.15 


.15 The results of applying an error signal to the buck 
boost coil to keep the power output constant over a wide 
range of voltage applied to the magnetron is shown. For 
example, if the reference power output is set at 700 
watts then the experimental data obtained from the 
control circuit indicates that the power is maintained 
between 687 and 716 watts while the power supply voltage 
is varied between 3400 and 4500 volts. 

6 1 to 6.31 are not listed in the Table of Illustrations 110-151 
because of their number, their length, and the peripheral 
importance of section 6.0 to the previous sections. 
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SUMMARY 


This report is concerned with combining electric propulsion with beamed 
microwave power transmission to produce a new approach to large scale space 
transportation in the region between low-Earth orbit (LEO) and geostationary 
orbit (GEO), and possibly further into space. More specifically, electric 
energy which is abundant and inexpensive on Earth is converted into microwave 
power and formed into an electronically steerable microwave beam. This beam is 
directed toward the space vehicle, often called an Orbital Transfer Vehicle 
which is equipped with a low mass device which efficiently converts the micro- 
wave energy of the beam into conventional DC power for use by the electric 
thrusters The term "TRANSPORTRONICS" has been applied to the technology of 
this all-electronic approach to transportation. 

The microwave portion of the transportation system is covered in a compre¬ 
hensive manner in the report. In particular, an effort is made to evaluate 
the economic aspects of the microwave portion of the system. The figure of 
merit that is used is the cost of placing a kilogram unit of payload into 
geostationary orbit. Both operating costs and capital costs are considered. 

The technology upon which the microwave system is based is sufficiently far 
advanced to make this possible. It is found that costs of placing a unit of 
payload into geostationary orbit are strongly dependent upon the amount of 
payload that is being placed into orbit. Therefore a reference system 
designed to place 130,000 kilograms into GEO annually was defined and an 
economic and technology analysis of the system was made. Then costs were 
projected for more mature systems delivering as much as 60,000 metric tons 
per year into GEO. 

The report begins with an overview of how the proposed system fits into the 
needs of the further development of space where it has been found that the 
cost of space transportation is a major problem. It then describes the 
ransportronics approach to solving this problem and proceeds to compare 
it with the present paradigm of chemical propulsion, and with the proposed 
combination of electric propulsion with a nuclear source of power. Following 
this it defines the reference system and proceeds to analyze it from an eco¬ 
nomic and technical point of view. It then describes in considerable detail 
the orbital transfer vehicle, and in particular the technology of the rectenna 
which is the device that captures the microwave beam and converts its energy 
into DC power. It analyzes the interface with ion thrusters which were chosen 
as the electric thruster device. It also performs an analysis on the tradeoff 
between the electrical losses and mass of the electrical conductors which 
carry the power from the rectenna to the ion thrusters. 

The report then shifts to the design of the Earth based transmitter where the 
technology is already well advanced in terms of what would be used for the 
hundreds of thousands of radiation modules that compose the transmitter. The 
cost of the transmitter can therefore be estimated with a high level of 
confidence. 

The report concludes with a detailed report on other work performed under the 
contract that was directed toward a very low power density rectenna, followed 
with a discussion of how this work could apply to an improved rectenna for 
space use. 
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I. INTRODUCTION 


The major purpose of the work effort covered by this final report was to 
investigate the possibility of greatly improving the space transportation 
infrastructure in the region from low-Earth orbit (LEO) to geostationary 
orbit (GEO), and possibly beyond that, by employing a new engineering 
discipline termed "TRANSPORTRONICS". The technology of "TRANSPORTRONICS" , a 
term derived from the words "TRANSPORT” and "electRONICS", combines the 
technology of high specific impulse electric propulsion with that of beamed 
microwave power transmission to create a new approach to space transportation 
in the near-Earth and cis-lunar regions. 

The investigation covered by this report involves a presentation of the 
concept, the significance of the concept, and a large amount of technical and 
economic evaluation of the concept based upon the status of prior technology 
as well as a significant amount of new technology generated under this work 
effort. The conclusion, as presented in this report, is that 
"TRANSPORTRONICS" technology, if developed, has the potential to 
revolutionize space transportation in the region between low-Earth orbit and 
geostationary orbit . 

Because of the novelty of the subject of the study and the length of this 
report, it has been found desirable to begin the body of the report with an 
Overview section that will present the concept, the significance of the 
concept, and some background information on the technology involved. This will 
be followed by other sections to give a complete outline of the report as 
follows: 

I. INTRODUCTION 

II. TEXT 

1. Overview 

2. Quantitative Comparison of "transportranics" technology with 
conventional chemical propulsion and solar and nuclear assisted 
electric propulsion. 

3. System analysis of the all-electronic (transportronics) LEO to GEO 
transportation system 

4. Technology of the Orbital Transfer Vehicle (OTV) 

5. Technology of the Ground Array 

6. A new rectenna format for space use 

III. CONCLUDING REMARKS 

IV. REFERENCES 

V. APPENDICES 

Attention is called to section 6, "A New Rectenna Format". A considerable 
portion of the total contractual effort was devoted to the design and 
construction of a low power density rectenna, not directly related to the all 
electronic transportation system. However, it was found that a spinoff of this 
effort was a normal power density rectenna of new design that may have a 
number of advantages when incorporated into a thin-film format for the all- 
electronic (transportronic) transportation system. 
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1.0 OVERVIEW 


TRANSPORTRONICS', the technology of an all-electronic propulsion and 
transportation system in space, in which the electric energy needed for 
electric propulsion is beamed from the Earth, is a new concept, barely a 
decade old. Although a nimber of papers have been given on the subject, 
knowledge of it is not well distributed within the space ccntnunity (1,2,3,4). 
Further, these papers have not given the full inport and implications of the 
new technology. The purpose of this "overview" section is to establish a 
better perspective on where this new technology is positioned in the unfolding 
development of space activities. 

This overview section is divided into the following subsections! 

1.1 Background Information 

1.2 Brief Description of the Overall System 

1.3 Timeliness of the Transportronic Concept 

1.4 Relationship of the Proposed Transportronic Transportation System 
to Other Applications of Beamed Microwave Power Transmission. 

1.5 Status of the Development of Transportronic Technology 

1.6 The Economics of the LEO to GEO Transportronic Transportation 
System. 

1.7 Inpact of Transportronic Technology on Space Ship Design 

1.8 Extension of the LEO to GEO Transportation System to a LEO to the 
Moon System. 

1.9 Environmental and EMI Considerations. 


1.1 Background Information. 

The current transportation paradigm in space depends upon conventional 
chemical propulsion. Chemical propulsion consumes a very large propellant 
mass to achieve the necessary delta V to move an interorbital vehicle from 
low Earth orbit to higher orbits. The mass of the propellant becomes the 
largest mass in the orbital vehicle, and all of the propellant mass has to be 
transported from the Earth and so taxes the Earth to low-Earth orbit 
transportation system. 

The high specific impulse of electric propulsion has always been of great 
interest, when compared with chemical propulsion, because it can easily 
reduce the amount of propellant required for a sustained thrust by a factor of 
tea or more (5). But electric propulsion, unlike chemical propulsion whose 
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propellants contain their own source of energy to accelerate the propellants 
to produce thrust, requires very large amounts of electric power and electric 
energy. And it is the very large mass of conventional power supplies that has 
prevented the serious consideration of the use of electric propulsion for 
space transportation. . 

The lack of a suitable power source for electric propulsion has long been 
recognized. Ernst Stuhlinger, when he wrote his pioneering book, ”Ian 
Propulsion for Space Flight", in 1964 stated, "Even a cursory look at the ion 
propulsion system reveals that the most critical component from the 
engineering standpoint is the source of electric power. The necessity of a 
concentrated effort to develop efficient and reliable nuclear-electric space 
power sources in the kilowatt and in the megawatt range cannot be over 
emphasized". (5). 

What has happened in the intervening period since 1964 is that the ion 
thruster has been developed to a very high level of performance but still 
lacks the nuclear power source which has just recently been placed under 
development in the 100 kilowatt level. When this power supply is developed it 
may well be the source of power for a vehicle going into deep space, but its 
specific mass of 30 kg/kw is far too high and its power level far too low 
for the projected transportation tasks of an interorbital transfer service. 
However, very large nuclear dynamic power sources with improved specific mass 
are being considered for the SEI (Space Exploration Initiative) program. But 
finally, there is the hazard associated with any nuclear power sources 
operated in or near low-Earth orbit. 

The other in situ sources of prime power in space are solar photovoltaic and 
solar thermal. Only solar photovoltaic has been developed and used in space. 
Although solar photovoltaic arrays would seem to be a natural source of power 
for the ion thrusters, they have proven to be very expensive and when power 
conditioning, mechanical pointing toward the sun, and shielding for going 
through the Van Allen belt are included, the ratio of mass to power output is 
in the range of 10 to 30 kilograms for each kilowatt of power. Current arrays 
are also limited to a maxinun power output density of around 230 w/m? , and the 
maximum voltage developed by a single cell is under 1 volt, making it 
necessary either to put a very large number in series or resort to complex and 
mass consuming power conditioning to obtain the required voltage for an ion 
thruster. 

Earth-based beamed microwave or laser power as a source of electric power for 
electric propulsion, represents a technological breakthrough because it leaves 
the power source on the Earth and connects it to the orbiting vehicle via a 
mass free microwave beam which is free of gravitational barriers. Of the 
possible Earth based beamed power sources the microwave one at 2.45 (3iz 
proposed in 1982 by Brown and Glaser (2) represents the most advanced 
technology and will be the erne focussed upon in this report. It also 
represents the frequency range that can best penetrate the Earth’s atmosphere 
under all meteorological conditions. 

With 2.45 Ghz technology the transducer between the microwave beam and the 
electric thrusters is a very low mass device termed the "rectenna", derived 
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from the words "rectifier" and "antenna" (6,7). The mass of the rectenna is 
about equal to the mass of the electric thrusters as contrasted to twenty to 
thirty times as much for nuclear or photovoltaic power sources. It is also 
very efficient (80 to 90%) in converting microwave power into DC power so that 
there is no problem in disposing by direct radiation into space of the snail 
amounts of heat generated in the conversion process. 

As a result of the very low specific mass of the rectenna the empty vehicle 
can have unprecedented accelerations for an electric propelled vehicle, and 
the mass of the power supply that is saved can be replaced with payload. 

The transportronic solution to the transportation problem in space near the 
Earth has advantages over the current paradigm of chemical propulsion other 
than the great saving in propellant mass. One advantage is that the electric 
propelled vehicle would never receive an acceleration of much over .01 m/s* as 
contrasted to the two to four "G"s , or 20n\/s2 to 40 m/s* for chemical 
propulsion. Thus the vehicle and items of payload carried by it can be 
designed for very low stress loads as compared with a chemically propelled 
vehicle, and that will result in very large savings in the mass of the 
vehicles and the payload structures. 

Another advantage of electrically propelled vehicles is that they avoid the 
high G's and associated safety issues of aerobraking maneuvers of chemically 
propelled vehicles when they come back to low-Earth orbit. Such maneuvers are 
necessary for chemically propelled vehicles if propellant trass is to be 
conserved. Designing the vehicle to absorb the mechanica1 stresses and to 
dissipate the heat involved in aerobraking becomes very acute if sizeable 
payloads are to be returned to low-Earth orbit. 

An example of the advantages of such a "soft" entry back into low-Earth orbit 
from space, as opposed to a "hard" one, would be the removal of no longer 
operational and obsolete communication satellites in geostationary orbit where 
they will have become debris problems. The electric thruster propelled 
interorbital vehicle could be maneuvered into position near the satellite to 
be removed from orbit. A grappling hook could engage the satellite so that it 
could be brought gently back into low-Earth orbit for either refurbishing or 
to be burned up in the Earth's atmosphere. 

In the past, a significant factor that has prevented the general acceptance of 
any Earth-based beamed power source for electric propulsion has been the 
necessity of locating all parts of the system, the transmitters as well as the 
satellites, in the equatorial plane. This necessity results from the need to 
maximize the time of contact between the microwave beam and the satellite. It 
is readily determined that only in the equatorial plane does the satellite in 
low-Earth orbit come directly over the source of microwave power each time it 
orbits the Earth. This frequency of contact is from 15 to 17 times as often as 
with any other geographical arrangement. 

However, as time has passed and the problems of the current space 
transportation infrastructure have been identified, it has become generally 
recognized that electric propulsion with a low mass power source is a 
requisite for the further development of space. Accompanying this recognition 
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is general recognition that the development of space will assume a more 
international flavor with an accompanying movement away from current modes of 
space transportation and provincial containment of those modes within regional 
boundaries (8). 


1.2 Brief Description of the Overal1 System. 

The proposed transportronic system will be broken down into its component 
parts and they will be discussed in great detail in this report. However, it 
is important in this overview section to understand the basic principle of 
operation and the principal components of the system. In particular, this 
section will discuss the geopolitical implications of the use of the 
equatorial plane for any beamed power operations between the Earth and low- 
Earth orbit. 

The all-electronic, or transportronic, LEO to GEO transportation system is 
shown in schematic outline in Figure 1.1 (3,4). Electronically , the system 
consists of the ground based transmitters, their microwave beams, and space- 
based rectennas and the ion thrusters. In the mature system depicted, four 
Earth based electronically steerable microwave beams track the orbital 
transfer vehicles throughout the large shaded area of figure 1.1. Each 
microwave beam tracks the OTV (orbital transfer vehicle) through a total angle 
of about 90 degrees. The total time of contact between the four beams and the 
satellites varies from about 6% at an orbital altitude of 300 kilometers to 
nearly 44% at an altitude of 5000 kilometers, to 61% at an orbital altitude of 
10,000 kilometers. 

The orbital transfer vehicles (OTV’s) follow a spiral trajectory from low- 
Earth orbit to geostationary orbit. A mathematical relationship for transit 
time from LEO to GEO has been derived in section 3.4 that takes into 
consideration the reduced contact time between the microwave beam and the OTV 
at low altitudes in LEO. Because of the high acceleration made possible 
because of the low mass of ion thrusters and the microwave power supply, 
acceleration is very high for an electrically propelled vehicle. This 
compensates for reduced contact time. A four beam system can place a satellite 
with a 50% payload into geostationary orbit in from 30 to 40 days. 

One potential layout of the Earth based transmitters for the transportation 
system is shown in association with transmitters to supply power to an 
orbiting industrial park system in Figure 1.2. The four high powered 
transmitters for the LEO to GEO transportation system are spaced about equally 
around the equator with transmitters in South America, Africa, the East 
Indies, and on Jarvis Island in the Pacific (8). The other transmitters are 
lower powered transmitters that are intended to supply power to orbiting 
industrial parks. The industrial park application of beamed microwave power 
will not be discussed in this report, other than to indicate the use of the 
lower powered transmitters to increase the contact time between the LEO to GEO 
transfer vehicles and the microwave beams when the satellites are in low-Earth 
orbit. 

It will be observed from figures 1.1 and 1.2 that the complete system is 
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TABLE I 


^CATION OF FOSSIL SITES on TOE BCMATOR FCR ABASED TRAN3UTTEFS 


region location 


ISLAND ON LATITUDE LONGITUDE 
MAINLAND 


APPROX. AREA 
IF AN ISLAND 
(SQ KM) 


Africa 

Sao Tame 
Gabon 

Congo 

Zaire 

Uganda 

Kenya 

Somalia 

Island 

Mainland 

Mainland 

Mainland 

Mainland 

Mainland 

Mainland 

5’-30'N 

Equator 

Equator 

Equator 

Equator 

Equator 

Equator 

6*-30*E 

9°-14°E 

14»-17*E 

17° - 30° E 

30° -32* E 

34° - 41° E 
4Lo-43°E 

964 

Indian 

Suvadiva *a Atoll 

2’-N 

73°E 

<15 Ocean 

(Maldives) 

Indonesia 

Sunatri 

Borneo 

Celebes 

Hahnahera 

Waigeo 

Island 

Island 

Island 

Island 

Island 

Equator 

Equator 

Equator 

Equator 

2 *-1.5° S 

100°-113« 

1090-1170 

120 o* 

128o£ 

131°E 

Large 

*» 

*1 

IT 

Pacific 

Ocean 

Nauru 

Abemama 

Baker 

Jarvis 

Isla 

Island 

Island 

Island 

Island 

Island 

30'-S 

Equator 

LI’S 

23’S 

Equator 

166° E 

174°E 

176PW 

160°M 

90°W 

230 

*a 

0.6 

4.5 

>3000 


Isabela 

*b 




South 

America 

Equador 

Colombia 

Brazil 

Mainland 

Mainland 

Mainland 

Equator 

Equator 

Equator 

76° -78°W 

69° -76°W 

49° -69°W 


Atlantic 

Ocean 

St. Paul @ Rocks 

St. Peter 

55 'N 

29°W 



Rocks 


★a not researched for area 
*b one of the Galapagos Islands 
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located in the equatorial plane. The principal reason for this is that only if 
the transmitters and the orbiting vehicles are located in the equatorial plane 
will each satellite pass over each transmitter and contact its microwave beam 
each time that it orbits the Earth, or approximately sixteen times in a 24 
hour day. In any non-equatorial plane arrangement contact between each 
satellite and each transmitter will be reduced to once every 24 hours. Such a 
low frequency of contact makes the principle of beaming power from the Earth 
impractical for a space transportation system (8). 

The necessity to use the equator for the installation of any beamed microwave 
or laser power system between Earth and 1ow-Earth orbit raises many 
geopolitical issues and makes the LEO to GEO all-electronic transportation 
system an international program. However, it is noted that the United States 
possesses the only two strategically located Islands in the mid Pacific on 
which to locate one of the four high powered transmitters for a mature LEX) to 
GEO transportation system. 

Figure 1.2 indicates that there is ample opportunity to put three of the 
proposed transmitters into equatorial sites in South America, Africa, and the 
East Indies. However, between the East Indies and South America there 
are only two potential locations for transmitters located on or very close to 
the equator. It is indeed fortunate that one of these islands, Jarvis, is 
sufficiently large for the construction of the fourth high powered transmitter 
that would be necessary for the mature system. The other island. Baker, is 
sufficiently large to install a much lower powered transmitter and smaller 
area antenna that could provide seme increased duty cycle when the LEO to GEO 
vehicle is orbiting at relatively low altitudes. 

These two islands, together with a layout of the areas required for the 
respective antennas are shown in figure 1.3. Geographical data for these 
remote islands owned by the United States of America were obtained from chart 
83116, "Islands in the Pacific Ocean", procured from the US Dept, of CaTmerce, 
National Oceanic and Atmospheric Administration, National Ocean Service. 

Jarvis Island is located at 160° 1' West Longitude and 0° 23' South Latitude. 
Baker Island is located at 176° 29' West Longitude and 0° 12' North Latitude. 
Baker and Jarvis are 22 kilometers and 43 kilometers from the equator, 
respectively. While their ideal location would be directly on the equator , 
these locations are sufficiently close so that a permanent mechanical tilt to 
the transmitting array, and a larger electronic steering capability in the 
North-South direction could supply the interorbital vehicle with power at all 
orbital altitudes from LEO outward. 

The islands are large enough for transmitting arrays but most of the service 
facilities for them would probably be located on adjacent Islands. Howland 
Island is close to Jarvis while Christmas Island is close to Baker. 

Attention is drawn to the fact that these two islands are geographically so 
isolated from inhabited areas, with the exception of Christmas Island, that 
they would represent a desirable site for early development and the deployment 
of the first ground based transmitter. Although the microwave power density 
levels other than those directly in the path of the beam are so low as not to 
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represent 3 hazard, it would be only prudent to conduct the first tests in 3 
relatively isolated area. 

Table 1 lists the mainland and island land masses that may be available for 
placing the microwave transmitters. As previously indicated the transmitters 
need to be placed on or very close to the equator and the interorbital 
vehicles need to be in or very close to the equatorial plane. 


1.3 Timeliness of the Transportronic Concept 


The transport ronic concept is introduced at a time when it is widely 
recognized that there are two major issues that are retarding the development 
of space. . One is the survival of people in a hostile space environment. The 
other is the high cost of space transportation. Theoretically, at least, 
there could be a substantial development of space with a minimum of people 
being involved. However, if the barrier of the high cost of transportation is 
not broken, we can anticipate that anything beyond a few adventurous sorties 
into space will not occur. Certainly the commercialization of space will not 
occur. 

It also occurs at a time when it is recognized that the future development of 
space will require much larger space vehicles capable of carrying payloads 
greater by a factor of at least ten than can presently be transported beyond 
low-Earth orbit. The demands of such vehicles for propellant mass, if they 
continue to use the current paradigm of chemical propulsion, are huge, and it 
must be brought up at high cost from the Earth. On the other hand, if the 
vehicles are electrically propelled vehicles to radically reduce these demands 
for propellant, their demands for electric power and energy are also very 
great. The need for large electrically propelled space vehicles fits into the 
ability of the ground based microwave beam power system to deliver huge 
amounts of electrical power to space at relatively low cost. 

The problem of space transportation and the limitations of the chemical 
propulsion paradigm was effectively recognized in the recent report of the 
"Synthesis Ccnmittee" chaired by General Stafford in which the development of 
nuclear thermal propulsion and nuclear electric propulsion were recommended 
for missions to the moon and Mars (9). Such development tasks at the 
multimegawatt levels, and the reliability and safety levels required, would be 
an enormous undertaking. The specific impulse of nuclear thermal propulsion 
will not be greater than 1000 as compared with 4000 to 10,000 for ion 
thrusters. To power electric thrusters operating at high specific impulse in 
the 5000 second region will require multimegawatt nuclear power sources which 
for efficiency purposes will have to be dynamic systems with conventional heat 
cycles, rotating machinery, and enormously large radiators for the disposal of 
waste heat directly to space. 

In any event, these developments that were largely inspired by the desire to 
send manned missions to Mars, have little or no application to transportation 
systems geared to climbing out of the high gravitational gradients close to 
the Earth, because they must be parked in high orbits for safety reasons. 
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Hence, there is an urgent need to look at other approaches to the 
transportation problem from LEO outward, particularly as it relates to 
geostationary orbit or the moon. 


LiA Relationship of the Transportronic Transportation System to Other 
Applications of Beamed Microwave Power Transmission. 

The transportranic LEO to GEO interorbital transfer system is closely related 
to two other space applications of beamed power transmission. The first of 
these is the Solar Power Satellite System that was studied extensively in the 
1977 to 1980 time frame (10,11,12). The other is the concept of a nunber of 
orbiting industrial parks that are supplied with low cost electrical power and 
energy from transmitters placed on the equator (13). 

The close relationship to the SPS (Solar Power Satellite) system is both 
technical and functional ; technically, because many of the details of the 
beamed power technology are very similar in the two systems, and functional in 
the sense that the SPS needs a low cost LEO to GEO transportation system 
before the SPS can be considered as an economically viable approach for 
electric power for use on Earth. In fact, it was the problem of transporting 
material for the deployment of SPS's in geostationary orbit that inspired the 
concept of what the author now terms "transportronics".(2) 

The same close technological relationship exists with a proposed system of 
orbiting industrial parks where power and electrical energy is economically 
supplied to the parks from transmitters located on the Earth's equator. There 
is also a functional relationship in which the smaller scale transmitters for 
the industrial park system can also supply power to the LEO to GEO 
transportation system when the OTVs are close to the Earth. 

All of these systems are either completely in the equatorial plane, or 
partially so as in the case of the SPS system where the transmitters are in 
equatorial or geostationary orbit while the rectenna sites may be at any 
latitude up to about 50 degrees on the Earth's surface. 

Figure 1.4 shows a model which depicts the three closely related systems 
simultaneously. 

There are also other proposed applications of beamed microwave power 
transmission. One of these, given some visibility by the Stafford report, is 
the^concept originated by David Criswell (14) and others of harvesting the 
sun s energy on the moon and beaming it back to Earth by microwaves. A giant 
step toward this proposed approach to obtaining a pollution-free source of 
electrical power would be the construction and operation of the ground based 
transmitter for the all electronic LEO to GEO transportation system. 


5 Status of the Development of Transportronic Technology 


The broad categories of Transportronic technology that apply to this study 
are electric thruster technologies and beamed power transmission technologies. 
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Figure 1- 


Figure 1 



Plan View of the Three Space Systems Shown with the Aid of 
a Mechanical model with Three Rings Rotating at Three 
Different Speeds: (1) Outer Ring Rotating at Synchronous 

Speed with Earth Contains Solar Power Satellites, (2) 
Middle Ring Shows Orbital Transfer Vehicle Tracked by Beam 
in Midflight and (3) Inner Ring Contains Fast-Orbiting 
"Industrial Parks". 
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5. Photograph of a 30 cm Ion Thruster. Thruster Consumes 10 
kW of Power and has a Mass of About 10 kg. Thrust 
Produced at a Propellant Velocity of 40,000 m/s is 0.37 
Newtons. 
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Figure 1-8. Microwave Power Transmission System that Provided a 
Certified Demonstration of 54% Overall DC to DC 
Efficiency. Rectenna DC Power Output was 600 Watts. 
Frequency was 2.45 GHz 



444872 

Figure 1.9. Demonstration of Beamed Power Over One Mile Distance at 
the JPL Goldstone Facility in the Mojave Desert. Of the 
Microwave Power Intercepted by the Rectenna Array, 82% was 
Converted into a DC Power Level of Over 30 Kilowatts. 
Frequency was 2388 MHz. Power was Used in Matrix of 
Illuminating Lamps in Front of Rectenna. 
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the "rectenna" that simultaneously captured the microwave beam and converted 
it into DC power for the electric motor that drove the rotor. 

A related follow on demonstration was that of a beam riding helicopter (figure 
1.7) that used the microwave beam itself as attitude references for roll, 
pitch and yaw, and as x and y translation position references. This technology 
is useful for keeping beam contact between the Earth-based microwave beam and 
the OTV and for keeping the OTV always parallel to the surface of the Earth 
and on the equator. This technology is discussed in section 5.2.4. 

The second milestone in beamed microwave power transmission technology was the 
demonstration in the laboratory of an overall DC to DC efficiency of 54% U 8 )- 
This overall efficiency was the product of three other efficiencies: (1) the 
efficiency of conversion of DC power into microwave power and the forming ot a 
concentrated beam with it, (2) the transfer efficiency between the transmit¬ 
ting aperture and the receiving aperture, and (3) the efficiency with which 
the microwave beam was absorbed and converted back into DC power. The overall 
efficiency of 54% was certified by the Quality Assurance section of the Jet 
Propulsion Laboratory (figure 1.8). It is estimated that, today, an overall 
efficiency of close to 70% could be obtained if the experiment were repea 
with the best of today's component technology. 

The third milestone was to increase the distance of transmission and the power 
level many fold over the Laboratory demonstration. At the Goldstone Facility 
of the Jet Propulsion Laboratory, an existing transmitter was used to beam 
power at a rectenna located on a tower one mile, or 1.6 kilometers away, 
(figure 1.9). The portion of the beam that impacted the rectenna was absorbed 
and converted into over 30 kilowatts of DC power with an efficiency of 82%. 
This was a very important demonstration because it established the basic 
credibility of beamed microwave power transmission without which it is 
doubtful if the DOE/NASA supported study of the Solar Power Satellite concept 
would have been funded (19,20). 

Although there is no pictorial illustration given, the study of the Solar 
Power Satellite concept not only established the feasibility of the SPS 
concept, but it also led to a different concept with respect to the 
transmitter that would be necessary not only for the SPS but also for the 
transportronic approach to space transportation. This new development was the 
electronically steerable phased array concept, composed of multitudes of ^ 
radiating modules, each with its own microwave source. The orchestration of 
all of these modules to steer the beam and focus it was accomplished through a 
microprocessor that received its information from sensors on the receiving 
rectenna. 

Another milestone of importance was the demonstration of the free flight of a 
microwave powered airplane by the Canadian Communications Research Center of 
Canada (figure 1.10). In this demonstration that took place in Ottawa in 1987, 
the microwave beam was slaved to the free flying airplane and followed it in 
flight to supply power to it. The demonstration was the first phase of the 
SHARP (Stationary High Altitude Relay Platform), whose fully functional 
altitude of operation would have been about 20 kilcmeters above the Earth. 
( 21 , 22 ) 
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Figure 


Figure 1 



10. Underneath Surface of the Successfully Flown Canadian 
Microwave Powered Airplane Showing the Use of the Thin- 
Film Etched-Circuit Rectenna. Total Rectenna Weighed 
Less than One Pound and was Wired Directly to the 
Electric Motor without Power Conditioning. 
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!,6 The Economics of the Transportronic Transportati on Systg n 

As previously indicated the economic attractiveness of "transportrorucs as 

XplS tTasSS transportation system between LEO and GEO is based upon the 

Ze of prime energy sources on the Earth which are low in cost 

source can be efficiently converted into microwave beams that carry en gy 

t£ orbifallransfer vehicles. Upon arrival the microbe J— 

efficiently converted back into DC power for the electric thrusters by 

but well tested device, the "rectenna". Together, the 1°« cost °f ^ P 

energy and the low mass of the receiving terminal aboard the OTV have the 

potential to reduce transportation costs m the region of space betwe 

and GEO by a large factor. 

The beamed microwave power transmission technology has reached such an 
advanced state that the cost of its implementation in vario "f f Y f^ d ± 
scenarios can be estimated with a good degree of accuracy. What is found 
that the cost savings become greater as larger and larger payloads are 
transported. 

The system analysis in Section 3.0 of this report examines twokindsofcosts 
associated with the proposed transportronic sys<tern. 'The fir: LE0 
amount of prime 60 cycle power that is required to transfer payload from LEO 
to GEO or to closer orbits. The second cost is the capital cost of t 
%S2£ 5 tlTTyst^, specifically the cost of the ^rth b^ed tran^ttet 
and the space based rectenna. The two figures of merit used in the analysis 
are the 60 cycle energy costs and the prorated capital costs P , 

kilogram of payload into GEO. These costs are a function of the "aturity 
the system, being much less in a mature system than m an initial system. 

To obtain a perspective on expected costs a transportation sc^ario that 
would be consistent with the first stage of development of the s ystem was 
selected and its parameters defined, ^is system consisted of a singleEfcrth 
based transmitter and a single orbital transfer vehicle and 113(1 ^hecapabi y 
of transporting 130,000 kilograms of payload to GEO each year. ^ J^ility of 
this system scenario in section 3.6 is followed by examining the cap^ility 
a fully mature system consisting of four Earth-based tr ^tters and four 
orbital transfer vehicles that would then have the capability oftrar^ferring 
16 times as much payload to GEO. Then, the power rating ofJJeOTVs was 
increased by a factor of ten by similarly increasing the rectenna area to ti 
that nearly 60,000 metric tons of material could be transported to GEO each 

year. 

A comparison of the costs associated with the initial system scenario and the 

^ ^ 4 -oV.Ia i o zvq anticipated there is a naiked economy 

mature system are given m table 1.2. As anticipated -*? , f any 

of scale. These costs, even for the initial system, are far below those ot any 

carpeting transportation technology in the LEO to OEO space arena. todthe 

transportronics approach reduces by a factor of at least ten the burden that 

is placed upon the Earth to LEO transport system. 

These costs do not include that portion of the system 

thruster. However, as explained in the text, the ,'° n a ^monIl 

lends itself to large scale manufacture. It is concluded that the additional 
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eost of the ion thrusters would not increase the overall capital costs of the 
all-electronic propulsion system by more than 10%. They would add nothing to 
the energy costs, of course. 

The capital cost of the vehicle itself has not been included. It would be 
highly desirable to extend the cost studies to include the vehicle and the 
carpiete system. Two approaches to the vehicle design are considered in this 
report. The vehicle itself would be a framework on which to mount the rectenna 
and the ion thrusters but the bus bars for the power from the rectenna would 
e the main structural members of the vehicle. In the analysis of the initial 
system these bus bars were found to constitute about 5% of the mass of the 
rectenna. A mass of 14,000 kilograms was assigned to the vehicle structure. , 


TABLE 1.2 

System size To place a kilogram of payload into GEO 


60 cycle energy costs 10 year prorated 
at 10 cents/kwhr capital costs 

Initial system scenario 
130,000 kg/year to GEO 

Mature system 

60,000 m tons/year to GEO 


1/7 I mpact of Transportronic Transportat ion Concept Upon Space Ship 
Design 


$392 $276 

$18 $8 


One of the surprising results of the application of transportronics to space 
transportation is that the resulting vehicle takes on a physical configuration 
hat is radically different than conventional space vehicles. This is because 
the rectenna is characteristically very thin but of a very large area. Thus 
the vehicle is a very large flat structure. In fact, the larger the area of 
the rectenna, the more efficiently it intercepts the microwave beam (4). 

The resulting configuration is shown schematically in Figures 1.11 and 1.12. 
Figure 1.11 is of a schematic nature, showing the large rectenna and how the 
power output of the rectenna is fed to the large busses on the two sides of 
the vehicle which also serve as the major physical structure of the vehicle. 
The size of the electric thrusters in the illustration are a hundred times 
larger than the ones that are proposed for the reference design and are 
therefore purely schematic. 

Figure 1.12 was created by a professional illustrator with some engineering 
guidance, and the thrusters illustrated were one meter in diameter, more 
nearly the size that would probably be used in future designs. The reference, 
or base line design, makes use of either 30 or 50 cm thrusters, both of which 
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Figure 1-12 


The All Electronic LEO to GEO Transportation Vehicle 
Concept is a Logical Combination of the Electric Ion 
Thruster and Beamed Microwave Power to Supply the 
Thruster's Electric Power and Energy Needs. The Rectenna 
on the Bottom Side of this 50,000 Square Meter Vehicle 
Absorbs Microwave Power and Converts it with 85% 
Efficiency to 20,000 Kilowatts of Electric Power for 
Several Hundred Ion Thrusters. The total thrust is 750 
Newtons to Provide the Empty Vehicle with an Acceleration 
of 0.017 m/sec 2 . The Corresponding Specific Impulse is 
4000 Seconds with Xenon as a Propellant. The Orbital 
Transfer Vehicle can Transport as much as 150,000 
Kilograms of Payload to GEO. 
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are in an advanced stage of development. 

In section 4.6, it will be pointed out that the direction of current flow in a 
spaceship of the configuration shown in Fig. 1.11 will produce an excessively 
large rotational torque when the spaceship is operating in the magnetic field 
characteristic of low Earth orbit. However this difficulty can be overcome 
with a shift to the design shown in Figure 1.12 where the torques generated in 
that configuration counteract each other. 

It is generally accepted that the development of the moon and Mars, as 
distinguished from adventuresome Apollo like missions to them, will require 
large spaceships, not only to carry large amounts of materials and equipment, 
but also to support the necessary quarters for personnel. The use of beamed 
power transmission becomes more efficient as the size of the vehicle is 
increased and so fits well into large spaceship design. 

Large space ship designs with electric propulsion have also been made using 
photovoltaic arrays and nuclear dynamic electric generators as power sources. 
The nuclear dynamic systems need very large cooling arrays which are also 
large flat structures (23). So all large spaceships that are electrically 
propelled share an essentially flat structure. 


1 - 8. Transportronics for a LEO to Moon Transportation System 
and for a Prime Power Source for the moon. 


It was not the original purpose of this study to include a study of a 
transportronic transportation system to the moon. On the other hand, as a 
result of events that have occurred since the onset of this study, there is 
now some interest in examining its application to get to the moon. One of 
these events was the Space Exploration Initiative that stressed using the 
moons resources as well as using it as a way station on the way to Mars. 
Another is the recent willingness to consider a power beaming system from the 
moon to the Earth (14,9). Technologically, an Earth to the moon system is 
much simpler than vice versa, and any serious consideration of moon to Earth 
may well depend first upon the development of the Earth to the moon system. 

In any event, it may be worth while to at least examine the geometry of such a 
system. It has already been established that it is necessary to use the 
equatorial plane for a transportronic LEO to GEO transportation system. It 
would therefore be logical to extend the transportronic system outward in the 
equatorial plane from geostationary orbit to the moon's orbit and to examine 
the rendezvous relationship between a spaceship and the moon. 

Such a rendezvous can occur where the moon's orbit intersects the equatorial 
plane and this occurs twice each time the moon orbits the Earth. The moon 
orbits the Earth approximately every 27 days so there is a window for 
rendezvous every 13.5 days. 


The moon's orbit is inclined to the equatorial plane by 18.5 degrees. 

The relationships between the geometrical elements of the arrangement can be 
visualized with a model, or the photograph of a model, as is shown in Figure 


23 




Fiqure 1-13. Conceptual All-Electronic Transportation System from LEO 
to the Orbit of the Moon. The Orbit of the Moon is 
Inclined 18.5 Degrees from the Earth’s Equatorial Plane. 
The Moon Intersects the Equatorial Plane Twice During One 
Orbit of the Moon About the Earth. 


24 







1.13. 


f " rt ^ r dl f cusslon of the moon-spaceship rendezvous may be worthwhile. 
Althou g h the orbital speeds of the moon and the spaceship will be the same, 

, 18 'P° dlf terence in inclination would require a delta V correction to 

place the spaceship into the same orbit as the moon. 

The delta V required to get to the moon from an orbit 300 kilometers above the 
artn via the low-thrust outward spiraling maneuver used for the r.Fr> to GEO 
transportation system, is 6703^3. This compares with 4652m/s required to get 
to geostationary orbit. Because the moon is about ten times further from the 
arth than is geostationary orbit it would be necessary to scale up the area 
two?* Earth array of 2 million square meters now being used in the reference 
LEO to GEO OTV system by a factor of 100 to obtain the same power density at 
the moon as the reference system has at GEO. This would seem to be out of the 
question, but scaling up the ground array by a factor of ten could be done at 
a reasonable cost of about 10 billion dollars. This would allow following the 
vehicle out to an orbital radius three times that of GEO where the orbital 
velocity of 17 67m/s is only 745m/s away from that of the moon. At that point 
where 89% of the needed velocity change had been achieved, some auxiliary 
source of power could take over to allow the vehicle to achieve the orbital 
radius of the moon and to go into orbit about the moon. 

It may be of interest that scaling up the present two million square kilometer 
ar ^^ Sed f rray by a factor of 10 would increase the power density available 
in GEO by a factor of 10 for the same total microwave power radiated from the 
transmitter. In fact, the OTV operating near GEO would be illuminated at a 
power density of 430w/m2 , or nearly ten times that from the reference system. 

This would greatly reduce the cost of 60 cycle energy at the surface of the 
Earth. 

T k e *-u e ? era ^ concdus i on that can be drawn from the discussion in this section, 
is that scaling up the area of the ground based transmitter by a factor of ten 
from the reference size has a two fold leverage. First, the microwave beam 
can supply an electrically propelled vehicle with 90% of the power that it 
needs to get to the moon. Secondly , the cost of 60 cycle Earth based energy 
or placing a kilogram of payload into geostationary orbit is greatly reduced 
from the reference design, although these costs were quite acceptable. 

Any microwave beam or laser beam that could operate a space vehicle in the 
region of the moon inevitably leads to the possibility of that same beam 
supplying power directl y to the moon’s surface. This is of interest because 
^ he difficulty of generating and storing electrical energy on the moon so 
: * continuous ly available to a settlement there. Because of the 

act that the moon faces the sun directly only once every 27 days, and that 
any photovoltaic array on the moon's equator may be effectively exposed to the 
sun for a maximum of about ten days, there is the need to store energy for an 
extended period of time that leads to very large, massive, and expensive 
storage facilities, as well as an oversized solar array which is not 
collecting energy for an effective 2/3 of the time. The energy storage 

problem is the major argument for a nuclear power source on the moon's 
surface. 
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A single source of beamed energy, microwave or laser, frcxn the Earth s surface 
would 9 allow the transmission of energy to the moon once every 24 hours for a 

period of about 8 hours every day if the beam can be el e ^°nicall yrJduce^he 
over an angle of plus and minus 45 degrees from zenith. This would reduce the 

storage period from seventeen days to 18 hours, or a factor of 23. 

However, there is a distinction between a microwave beam thatwill P°wer 
Se; enroute to the moon in the equatorial plane, and a ^ «ill 
also beam power to the moon on a daily basis. This is 

degree difference in the orbital plane of the moon from the equatoriaL plane 
of the Earth. So if the source of power on the Earth were located on the 
Earth's equator the logical spot for it, the microwave or laser beam would 
tave bHapable of Sine, steered a mxirnia of 18.5 degrees in the north and 
S the s^tS direction as Sell as 45 degrees in the East and West direction. 

If the beam were a microwave beam, the transmitting array could be 
considerably more expensive than one with very little steering capability in 
the North-South direction. However, it may still be an option that should be 

examined. 


1 ,9 Environmenta 1 and EMI consideration s 
It is outside of the scope of this study to discuss the 

aspects of beamed microwave power transmission frcm a genera 1 vie * 

At least one extensive study was made of these aspects of beamed power 
transmission during the study of the DOE/NASAstudy of the So lar ?°»« 
Satellite in the 1977 to 1981 time period (12). The findings of this study 
directly applicable to the LEO to GEO transportation system. However, it may 
be helpful to briefly discuss environmental and EMI considerations directly 
related to the all-electronic LEO to GEO transportation system (24}. 

First in discussing the interference or EMI problem, it is assumed that all 
the Earth based microwave beams will be at one frequency that will 
shifted or intentionally modulated in any way. This simplifies^thesituaticn 
inmensely and allows the use of narrow band-stop filters in the carmunic 
receiver, as well as the use of phase-locked loops to feed back out of phas 
energy to cancel power picked up at the beamed power frequency. 

There are other less technically involved strategies. In the event that the 
illumination intensity, which will be at the maximum about 500w/m?, proves to 
be too much for some services, the microwave power beam can be either 
momentarily shut off or electronically steered away frcm an impending 
encounter with a satellite receiver. The microwave beam will be s ° that 

the transit time across the beam for most satellite encounters will be f 
only a few milliseconds, allowing the interorbital vehicle to 
unaffected if there is a minimal amount of energy storage carried aboard. 

Another major area of interference concern are the harmonics and spurious 
Smuts generated in the transmitter and in the rectama receiver Those 
involved with the transmitter are discussed in seme detail in section 5.0 
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this report (25). Those involved with the rectenna are discussed in 
considerable detail in section 6.0 of this report, and to some extent in 
section 4.0 In both cases it appears that the spurious and harmonic levels 
can be held to a level that will not interfere with other uses of the 
electromagnetic spectrum. 




2.0 QUANTITATIVE COMPARISON OF ''TRANSPORTRONICS" TECHNOLOGY WITH 
CONVENTIONAL CHEMICAL PROPULSION AND SOLAR AND NU CLEA R 
ASSISTED ELECTRIC PROPULSION. 

"Transportronics" has been defined as the combination of electric propulsion 
with beamed power transmission to supply the needed electric power for the 
propulsion. "Transportronics" has transportation applications in both the 
E^rth s atmosphere and in space. In the Earth's atmosphere, transportronics 
has been demonstrated for both helicopters and airplanes. Using the 
"weightless fuel" supplied with a microwave beam these vehicles could stay on 
station for months at a time. The subject of this report is the application of 
the technology of transportronics to a LEO to GEO all-electronic 
transportation system. The electric propulsion, specifically in the form of 
ion thrusters, is supplied with the power it needs by a microwave beam 
originating at the Earth's surface. 

In this section , the potential of electric propulsion to radically reduce the 
amount of propellant that would have to be brought up from Earth for chemical 
propulsion beyond LEO will be examined first. Then after it is shown that 
large reductions can be made, the sources of power for electric propulsion 
will be examined with emphasis upon a comparison between a nuclear power 
source and a microwave beam source. 

The principles of operation of the ion thruster are discussed in Section 4.0, 
"The Technology of the Orbital Transfer Vehicle". 

This section will have the following subsections: 

2.1 Comparison of propellant mass needed for electric propulsion and 
chemical propulsion beyond T.wn 

2.2 The electric power requirements for electric propulsion 

2.3 Comparison of nuclear and photovoltaic power sources with the 
rectenna power source for ion thrusters. 


2..JL Comparison of Propel 1 ant Mass needed for electric propulsion and 
chemical propulsion beyond LEO. 

The expression for thrust in terms of the velocity of the propellant and the 
time rate of propellant flow is given by 

N = v(dm/dt) (2.1) 

where N = thrust in Newtons (1 Newton = 0.2248 lbs. force) 
m = propellant mass , kg 
dm/dt = time rate of propellant flow, kg/sec 
v = velocity of the propellant, meters/sec 

Expression 2.1 will be recognized as a variation of the familiar 

f = ma = m(dv/dt), where the mass flow is the time variant and not the 

velocity. 

From expression 2.1 it can be seen that for the same thrust, the propellant 
flow is inversely proportional to the velocity. With chemical propulsion a 
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velocity of 4000 m/s is approaching the limit, while for electric propulsion a 
figure of 40,000 n\/s is readily obtained. 

A simple application of expression 2.1 shows that for a sustained thrust of 1 
Newton, and a propellant velocity of 40,000, 1 kilogram of propellant will 
last for 40,000 seconds or 11.1 hours; while for a propellant velocity of 4000 
only 1.11 hours will have been achieved. 

Assuming a flight path trajectory that is a circular spiral with continuous 
thrust, what difference, in terms of propellant required for a trip from LEO 
to GEO and then back to Earth, would a major difference in propellant velocity 
make? Assume also that no payload, or very little payload, is carried so that 
the vehicle mission is to go to GEO and return. 

The answer to this may be found in using the basic equation for the ratio of 
mass at the termination of the trip to the mass at the start in terms of the 
velocity change to make the trip and the velocity of the propellant. It is 
assumed that the difference between the terminal mass and the initial mass is 
the mass of the propellant used during the trip. The expression is. 

Mt/Mi = exp - (ZWv) (2.2) 

Mt = Terminal mass 
Mi = Initial mass 

v = Ejection velocity of the propellant 

= Change in vehicle velocity to reach objective 
Mi - Mt = Propellant Mass. 

This expression may be applied to the spiral trajectory of a vehicle from LEO 
to GEO, where delta u is approximately 4600 meters/sec for one way transfer 
from a 300 kilometer orbit, and 9200 meters/sec for a transfer to GEO and 
return to LEO. 

In applying this expression to a chemical rocket using oxygen and hydrogen it 
is assumed that the terminal velocity of the propellant is 3500 m/s, a value 
substantially higher than when a propellant other than hydrogen is used. By 
contrast, the exhaust velocity assumed for the ion thruster is 41,500 nvs, a 
value comfortably in the range of the propellant xenon which is also assumed. 
As indicated earlier, it is further assumed that both the chemical rocket 
vehicle and the electrically propelled vehicle would execute a spiral 
trajectory to GEO and that the terminal masses of the electrically propelled 
vehicle and the chemically propelled vehicle are the same. 

The results of the application of expression 2.2 to these assumptions is given 
in table 2.1. 

As noted in the table, there is a factor of 50 difference in the mass of the 
propellant for the round trip from LEO to GEO. Thus there is great leverage in 
the use of electric propulsion to greatly increase the velocity of the 
propellant and therewith reduce the amount of propellant. 

The comparison in Table 2.1, however, is not fair to chemical propulsion, 
because it assumes that the chemical propellants would be used in a spiral 
trajectory mode whereas they would be used in a Hohman transfer mode in which 
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the delta u needed was acquired near low-Earth orbit so that the propellant 
required to attain it would not have to be boosted through the gravitational 
potential between LEO and GEO. And it neglects the fact that the chemicals 
during combustion generate the power needed to accelerate the combusted 
products to 3500 m/s. By contrast the ion thrusters need a very large amount 
of power supplied by an outside source to power them. Until recently this 
mass has been so great relative to the mass of the ion thrusters themselves as 
to make electric propulsion impractical for most applications. In addition the 
vehicle using chemical propulsion would use very little propellant in 
returning to LEO, but would rely upon aerobraking in the Earth's atmosphere. 


TABLE 2.1 

COMPARISON OF PROPELLANT NEEDED FOR CHEMICAL AND ELECTRIC PROPULSION 



Chemical Rocket 

Ion Thruster 
Xenon 

Ejection 

velocity 

3500 m/s 

41,500 m/s 

Startinq Mass 
Terminal Mass 

3.72 one way 

1.117 one way 

Propellant Mass 
Terminal Mass 

2.72 one way 

0.117 one way 

Propellant Mass 
Terminal Mass 

12.8 round trip 

0.25 round trip 


Nevertheless, it is generally acknowledged that an orbital transfer vehicle 
vising chemical propulsion would require much more propellant than an 
electrically propelled one. One study that has been made of a chemically 
propelled OTV that would carry payload to GEO only, has a propellant to 
payload ratio of 2.5 and a ratio of gross takeoff mass to dry weight of the 
vehicle of 13.5. The vehicle depends upon aerobraking to return it to a 
circular orbit in LEO, with an aerobrake sized to the dry weight of the 
vehicle. With a small payload on the returning OTV equal to the dry weight of 
the vehicle, the area of the aerobrake would have to increase by a factor of 
2, and its mass by a much larger fraction. And any aerobrake structure would 
have to be replaced for the next journey. 

By contrast the ratio of propellant to payload for the typical electric 
propelled OTV scenario of section 3.4, in which the OTV returns without 
aerobraking to LEO, is 0.3 or nearly ten times less. In addition, the OTV 
enters LEO with very low deceleration (small fraction of 1 G), so that it can 
bring back massive payloads without changing the structure of the vehicle 
itself, in contrast to the aerobraking of large return payloads with 
chemically propelled OTVs. / 
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2.2 The Electric Power Requirements for Electric Propulsion 


The work required to accelerate a mass m to a velocity u is 1/2 mv 2 
The corresponding power for a sustained acceleration process is. 

P = 1/2 dn\/dt v 2 (2.2) 

Where P = Watts of power 
drn/dt = time rate of propellant flow, kg/sec 
v = velocity of the propellant, meters/sec 

How much power is associated with obtaining a thrust of 1 Newton at a 
propellant velocity of 40,000 n^/sec. From equation 2.1, the flow rate of mass 
was found to be 1/40,000, so the power requirement obtained from expression 
2.2 is 20,000 watts or 20 kilowatts. 

If equation 2.2 is divided by equation 2.1, the ratio of power to thrust is: 

P/N = 1/2 v (2.3) 

and it is seen that the power requirements grow rapidly with an increase in 
the velocity of the propellant. Historically, since there have been until 
recently no suitable low-mass electric power sources, this has compromised the 
application of electric propulsion in space toward lower propellant ejection 
velocities or, equivalently, to lower values of specific impulse. This in turn 
has encouraged the development of electric propulsion devices that have 
inherently lower propellant terminal velocities. 


2.3 Comparison of nuclear, solar photovoltaic, and rectenna power sources 
for ion thrusters. 


Historically, power supplies that have been considered for electric propulsion 
in space have been either solar photovoltaic or nuclear. Genetically, both of 
these sources suffer from a high ratio of mass to the delivered DC power 
output. The high mass of the supplies have to be transported to space at high 
cost, and then the high mass greatly reduces the amount of acceleration that 
can be achieved, resulting in the use of a large amount of propellant to 
achieve the final necessary velocity change. 

In addition there are a number of other disadvantages of nuclear which seem to 
disqualify it for an orbital transfer vehicle which could interface with 
transportation from Earth to LEO. Safe orbits for nuclear supplies are in a 
1000 kilometer orbit, necessitating auxiliary orbit raising from LEO to 1000 
kilometer. 

Table 2.2 has been prepared to compare the characteristics of the three power 
sources for OTV's in space. 

An examination of table 2.2 reveals that the rectenna has many advantages over 
the two other power sources as a pure power source but suffers the 
disadvantage of low duty cycle in low-Earth orbit. However, the high 
acceleration of the vehicle because of the low mass power source compensates 
for this as Table 2.3 indicates. In table 2.3 the low duty cycle in low Earth 
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orbit has been taken into account with the use of expression (3.7) developed 
in section 3.4. It is assumed that the specific mass of the nuclear power 
supply is 30 kg/kW supply with power conditioning included to use with an ion 
thruster. The specific mass of the ion thruster is assumed to be 1 kg/kW 
which is close to the actual figure of the 30 cm ion thruster. The specific 
mass of the rectenna and associated power conditioning is assumed to be 1 
kg/kW, and the structure designed for low acceleration loads is assumed to 
have equal mass to the rectenna and the ion thrusters. It is further assumed 
that the mission is an express one, that is, that the payload constitutes a 
negligible fraction of the gross mass and that the vehicle travels from a 
300 kilometer orbit in LED to GED and back to LED. 


TABLE 2.2 

COMPARISON OF CHARACTERISTICS OF ELECTRIC POWER SOURCES IN SPACE 

Characteristic Solar Nuclear Rectenna 

Photovoltaic 

Specific mass 10-30 kg/kW 30 kg/kW 1-2 kg/kW 


Use in LEO 

Power Conditioning Mass 

Power Conditioning Complexity 

Vulnerability to Space Radiation 

Production of harmful radiation 

Electromagnetic interference potential 

Ease of Manufacture 

Level of Technology Readiness 

Use of critical materials 

Relative cost 

Compatibility with ion thruster 

Orbital limitations 

Duty cycle of full system at 
300 km orbit in LED 
Duty cycle of full system at 
10,000 km orbit 


yes 

no 

yes 

large 

large 

smal 1 

large 

large 

small 

large 

no 

smal 1 

no 

large 

no 

none 

none 

same 

difficult 

difficult 

easy 

moderate 

poor 

advanced 

high 

high 

low 

high 

high 

low 

marginal 

marginal 

high 

none 

none equatorial pL 

60% 

not allowed 

6 % 

80% 

100 % 

60% 


An inspection of Figure 2.3 reveals that 10 times as much propellant must be 
brought up from Earth if a nuclear power supply is used instead of a rectenna 
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as a source of power. And even though the OTV supplied with nuclear power has 
continuous thrust, its acceleration is so low that the transit time is 
slightly poorer than for the intermittently accelerated OTV with a rectenna 
and four times as poor as for a beamed power system with four Earth based 
transmitters. 


Table 2.3 

EXPRESS MISSION (SMALL PAYLOAD) TO GEO AND RETURN 

DRY VEHICLE PROPELLANT TOTAL INITIAL ROUND TRIP 


SPECIFIC MASS 
KG/KW 

MASS 

KG 

MASS 

KG 

ACCEL. 

M/S* 

TIME 

DAYS 

ION THRUSTER 
BY ITSELF 

1 

0.25 

1.25 

0.029 

3.67 

ION THRUSTER 
NUCLEAR POWER 

31 

7.5 

38.5 

0.001 

106 

ION THRUSTER 
RECTENNA 

1 BEAM 

3 

0.75 

3.75 

0.01 

100 

ION THRUSTER 
RECTENNA 

4 BEAMS 

3 

0.75 

3.75 

0.01 

25 
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3.0 SYSTEM ANALYSIS OF THE ALL-ELECTRONIC LEO TO GEO 
TRANSPORTATION SYSTEM. 


In its entirety a "transportromcs" system is a complex system. It not only 
invokes a broad range of electronic technology to generate the microwave beam 
at the transmitting end and then to absorb the microwave power and convert it 
back to DC power at the receiving end of the system but also much technology 
pertaining to the transportation aspect including electric propulsion 
associated vehicle design, and the flight paths of the space vehicles! The 
system analysis is, of course, dependent upon determining a set of basic 
assumptions which narrow down the scope of the analysis. Then there will be 
the development of the analytic tools, followed by their use in a scenario 
from which the performance and costs of the system nay be obtained. 

In this section we will first state the objectives of the system analysis, 
followed by the statement of the general approach to the analysis, followed by 
a set of basic assumptions which restrict and direct the analysis. These will 
be followed by a section devoted to developing an equation 
for the transit time from one orbit to another, and a section on the 
expressions that will give the efficiency of energy transfer between 
transmitting and receiving apertures. The output of these sections will then 
be used in a transportation scenario from LEO to GEO that was selected as a 
compromise between initial cost of the system and the performance of the 
system, the latter in terms of cost to place a kilogram of payload into 
geostationary orbit. This scenario will then provide a reference system with 
estimated costs and other characteristics against which the inpact of 
expansion and alterations can be compared. The subsections of the section are: 

3.1 Objectives of the System Analysis 

3.2 General Approach to the System Analysis 

3.3 Basic Assumptions Used in the Analysis and Rationale for Them 

3.4 Quantification of Transit Time From One Orbital Altitude to Another 
Including LEO to GEO. 

3.5 Aperture to Aperture Power Transfer Efficiency 

3.6 System Analysis by Scenario 

3.61 Introduction and selection of set of parameters for scenario 

3.62 Estimation of 60 cycle energy cost and transit time for the 
system scenario. 

3.63 Initial cost of the microwave power transmission system for the 
system scenario. 

3.7 The Payload and Cost Performance Associated With Various Degrees of 
Maturity of the System and With Various Payload Ratios. 

U, Objectives of the System Analysis 

The objectives of the system analysis of the all-electronic T.Prt to GEO 
transportation system as shown in Figure 1.1 is to: 

1. Determine likely system scenarios that are consistent with scenarios 
for the future development of space and that take into account the 
constraint that the system handle large payloads to reach its fullest 
potential to reduce the cost of space transportation. 



2. Determine elapsed time of transport between LEO and GEO and 
intermediate orbital altitudes for likely system scenarios. 

3. Determine the number of kilowatt hours of Earth based energy to 
transport a kilogram of payload between LEO and GEO and to 
intermediate orbital altitudes, for likely system scenarios. 

4. Determine the cost of construction of the microwave power 
transmission portion of the system. 


3.2 General Approach to System Analysis. 

It will become evident that system analysis involves many different parameters 
that must be taken into account. Among them are: 

1. The mass fractions represented by the propellant, payload, and dry 
vehicle at launch point in LEO. 

2. Transmission efficiencies between apertures as function of separation 
distance. 

3. Thrust and other characteristics of the electric thrusters. 

4. Variation in contact time between beam and vehicle as a function of 
orbital altitude. 

5. Efficiencies of the energy conversion devices at transmitting and 
receiving ends of the system. 

6. Costs of 60 cycle electric energy and system construction costs. 

7. Frequency of the microwave radiation. 

There are other parameters that will be found as the system analysis 
progresses. To a large extent the number of the parameters and especially the 
range of their values can be reduced through a set of basic assuiptions. Seme 
of these assumptions, such as basing the analysis at a frequency of 2.45 GHz, 
and the selection of the ion thruster as the electric thruster, are quite 
restrictive, so that the system analysis is limited to a system that has been 
largely defined by a set of initial assuiptions. Then even with those 
restrictions, the analysis is based upon a specific scenario that has been 
selected by the author on the basis of his experience with a multitude of 
scenarios. 

Within this specific scenario the analysis will depend upon analytic 
expressions derived during the study that for simplification purposes are 
approximations. And some well established analytic expressions may be applied 
in an approximate manner. In both cases, the point to be made is that the 
errors introduced with the use of these approximations will introduce errors 
that will be no larger in magnitude than those introduced elsewhere into the 
analysis. In other words this is a "first-cut" analysis. 
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3.3 Basic Assumptions Used in the Analysis and Rationale for Them. 

1. From a technology point of view the system starts with the input of 
DC power at the Earth based terminal and ends with the propulsive 
force of the ion thruster. 

o The technology logically divides up into that for the Earth based 
transmitter, that for the orbital transfer vehicle, and the 
microwave beam that interconnects the two. 

o The technology of the transmitter and that for the orbital transfer 
vehicle are discussed in separate sections, 4.0 and 5.0 of this 
report. 

o The technology surrounding the microwave beam itself will be 
discussed in this section. 

2. The components of the transportation system are located in the 
equatorial plane. 

o The principal and overriding reason for this is that it is only 
in the equatorial plane that the satellite makes contact with the 
microwave beam each time that it rotates around the Earth. Any 
other arrangement reduces the contact time between satellite and 
microwave beam in low Earth orbit by a factor of at least 
fifteen. 

o An important secondary reason is that the transmitter cost is 
greatly reduced if it has to electronically track the satellite 
around one axis only. 

o A less important reason is that the equator is the logical place 
to launch any satellite because of the maximum velocity of the 
Earth at the equator. And, if the objective is to place the 
payload in geosynchronous orbit, no cross range correction of the 
satellite trajectory is needed. 

3. The mathematics of electromagnetic wave diffraction determine the 
properties of the microwave beam (26,27,28).. 

o The microwave beam is characterized by the diameter of the beam 
and the distribution of energy across the beam at any distance 
from the launching point. The parameters that determine this 
characterization are the launching aperture diameter, the 
distribution of power density and phase across that aperture, the 
frequency of microwave radiation, and the distance from the 
aperture. 

3. The frequency to be used in the analysis is 2.45 GHz, corresponding 
to a wave length of 0.1226 meters. 

o At this frequency there is little attenuation of the beam in the 
Earth's atmosphere under all weather conditions. See Figure 3.1. 
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Figure 3-1. Transmission Efficiency through the Earth's Atmosphere as 
Related to Frequency and Condition of the Atmosphere. 



Figure 3-2. Geometry that Relates the Approximate Fraction of Time 
that the Microwave Beam Makes Contact with the Orbiting 
Transfer Vehicle to the Orbital Altitude r that is Meas¬ 
ured from the Earth's Center. At Low Altitudes, r - R e , 

and for Values of the Beam Sweep Angle PLess than 45 

Degrees, the Term (r-R e ) tanP/27tr Closely Approximates the 
True Contact Time. At High Orbital Altitude Some Error 
is Introduced but the Magnitude of Such Errors are 
Consistent with the Error Magnitudes of Other 
Approximations that have been Made. 


38 





° • 1S 1 . a ^. the center of the established ISM (Industrial, 

Scientific Medieal) band where experimental work may be carried 
out. It is logical that this would also be the allocation 
frequency mostacceptable for beamed power transmission that 
exists below the next IS! band at 5.80 MHz. At 5.8 MHz there will 

,^® e “°, US attenuation of the beam through the Earth’s atmosphere 
under bad weather conditions. 

° I s ^frequency at which the technology has been developed 
and where the components are available at low cost compared to 
the cost at higher frequencies. 

o The efficiencies of microwave power generation and rectification 
are greater at this frequency than at higher frequencies. 

4 ’ ° f ion thrusters 33 developed or as projected at 

NASA s L ewis Research Center are used as a data base to determine the 
electrical rating, mechanical mass, propulsive thrust, and other 
parameters. Specifically the projected performance, mass, and other 
characteristics of the 50 cm. thruster now being developed at LeRC 

T ? eSe < .u re discussed in section 4.2. The following is 
the rationale for the use of the ion thruster as a class of 
electric thruster. 

o Of the various electric thrusters, the ion thruster is the one 
most compatible with the rectenna. 

o The ion thruster has a low specific mass. (Kilowatts/kilogram) 

o The ion thruster is self cooled. 

o The ion thruster is efficient. 

° t ?f t ° f the power re< I uirem ent of the ion thruster is 

at high voltage (2000 volts) is very favorable in reducing the 
power losses and the mechanical mass associated with the power 
busses from the rectenna. For large power needs from the 
rectenna, this is a very important factor. 

° J on thrus ^er can be operated at high specific impulse, an 
outstanding advantage if a low mass source of electric power such 
as the rectenna is available. 

o The ion thruster is so designed that it can be very economically 
fabricated m mass production. y 

° Ji th fSi. m0r f dev ® 1 °P ment evaluation of the ion thruster will 
be needed, it is believed that its state of evaluation from the 
viewpoint of life and other reliability characteristics is 
considerable better than for other electric thrusters. 

5 ‘ 3hnc:° rbital . trajeC i 0rY ° f the satellite ^ a closely spaced spiral 
whose geometry is derived from the sinplified assu*>tion of 

continuous tangential acceleration in near circular orbit about a 
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central gravity field as derived from formulae given in section 
"Constant-thrust spiral" in section 4-3 of Stuhlinger, Ion 
Propulsion for Space Flight", McGraw Hill, 1964. 

o Because there will be bursts of propulsion during the time of 
contact between the beam and the satellite vehicle it might be 
inferred that this propulsive pulse would result in a non 
circular orbit with the perigee established at the point of 
inpulse and the apogee 180 degrees away. However, because the 
Earth is rotating at an angular velocity that is approximately 
sixteen times slower than the OTV (if it is in low-Earth orbit) 
the contact between the Earth based transmitter ana the 
satellite will occur at different orbital angles and the 
perigees and apogees will frequently interchange with the 
passage of time. There should be an even lower probability of 
decircularizing the orbit in a fully mature system with four 
Earth based transmitters equally distributed about the Eart . 

o Although this assumption probably applies in orbits close to the 
Earth, the situation may be sufficiently different as the 
satellite reaches near geosynchronous orbit to make correctiv 
maneuvers necessary. 

6 Time of transit of the orbital vehicle between any starting orbit at 
’ LEO and any terminal orbit, including geosynchronous^orbit,:^ JJiven 
by a unique formula, derived specifically for th3 f s tudy, to take 
into account the varying time of contact between beam and vehicle as 
a function of orbital altitude. 


5 The rectenna will be used to capture and rectify the incoming 

microwave beam at the interorbital vehicle. Its specific mass will be 
assured to be 0.67 kilograms per kilowatt of power output when 
operated at the 400w/m? DC power output level. Its effici^cy at this 
power level density is assumed to be 80%. It is also assured that y 
harmonic radiation from the rectenna can be attenuated to acceptable 
levels, with improvements in rectenna technology as discussed in 
Section 6 of this report. 


3.4 Quantification of Transit Time From one Orbital Altitu de to Another , 
Including LEO to GEO. 

The time of transit of the electrically propelled OTV from one orbit to 
another is dependent upon ( 1 ) the physical laws ^ f 

self accelerated vehicle in a central gravitational field as described in 
section 4.3 of Stuhlinger, "Ion Propulsion for Space Flight (McGraw Hill 
1964) ( 2 ) the actual contact time between the microwave beam and the 

OTV and (3) the acceleration of the vehicle during the time of contact between 

the beam and the OTV. 


For continuous 
derivative of 


time contact between the beam and the vehicle the time 
the increase in orbital altitude is given by the expression 


(4-211) in Stuhlinger (2) 



dr 


2 a u r 2 


(3.1) 


dt go R* 2 

where all parameters are given in MRS units, and 

where a = the acceleration of the vehicle whan in the beam 

r = the orbital altitude of the OTV as measured from the 
center of the Earth 

u = the velocity of the vehicle in circular orbit 
R* = the radius of the Earth- 6,375,000 meters 
g 0 = acceleration given to a mass at the Earth's surface by the 
Earth's gravitational field, 9.8 meters/s 2 


Expression (3.1) must be multiplied by the approximate fraction of time that 
the OTV is exposed to the microwave beam. This term is given by 


2 tanP/2xr (3.2) 

where (3 is 1/2 the total sweep angle of the microwave beam from 
west to east. 

The expression (3.2) is derived from Figure 3.2. The expression is quite 
accurate at low orbital altitudes but becomes less so at the higher orbital 
altitudes, where the term tan p tends to become (3 instead. The use of this 
term also assumes that the output of the rectenna is independent of the angle 
p. This is another approximation which is justified on the basis of being 
able to vary the output of the transmitter to compensate for a larger 
separation distance at the angle p and the reduced projected cross section of 
the rectenna at the angle p. 

u, the velocity of the vehicle may be expressed in terms of r as 

u = R, V g a /f r (3.3) 

When expression (3.1) is multiplied by expression (3.2) and the value for u in 
terms of r is inserted, and the resulting expression inverted we have 

k R» fg 0 dr 

dt = - - (3.4) 

2 a tanP f r(r - R*) 


In the first term of expression (3.4) the acceleration "a" is a variable and 
is dependent upon the ratio of the thrust to the mass of the body. It may also 
be a function of orbital altitude if the microwave power reaching the OTV is 
not kept constant with altitude. In the practical scenario that will be 
examined the microwave power incident upon the OTV will decrease above 10,000 
kilometers orbital radius. To take this and other changes in parameters into 
account, including possible changes in the angle P, the flight of the OTV may 
be broken up into several stages, and the time for each stage calculated. The 
total time to GEO will then be the sum of the times for the individual 
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stages. 

The acceleration of the vehicle will be given by the following expression: 

a = T/ ( Mpi + Me* +H* ) (3-5) 

where T = Total thrust in Newtons 
M„i = Payload mass 
H>r = Propellant mass 
M» = dry mass of vehicle 

In a typical scenario the Payload mass represents 50% of the total mass, the 
propellant mass represents 16%, and combined mass of the rectenna, ion 
thrusters, and vehicle represent the other 34%. 

The total thrust in Newtons is equal to the total dc power from the rectenna 
multiplied by the conversion factor of that power into Newtons of force. As 
seen in section 2.0 the force is dependent upon the velocity of the expelled 
propellant which is oftentimes expressed in terms of the specific impulse. In 
the scenario that we will examine, we will use some experimentally 
established ratios of thrust to power obtained from the performance of a 30 am 
thruster, specifically 0.035 Newtons for each kilowatt of power input at a 
specific inpulse of 4240, corresponding to a velocity of the propellant ot 

41,500 m/s. 

The first term in expression (3.4) then becomes 


x R* Vg 0 (Mpi + Mpt + Mv ) 


2 tan(J T» Pdc Ac 

where T» = specific thrust of ion thruster, N/kW 

Pdc= Average dc power density from rectenna, kw/m? 

Ac = Total area of rectenna on OTV 

The expression for the transit time from one orbit to another then becomes 


% R* V"g 0 ( Mpi + H>c + Mv ) f r 2 dr n \ 

tc 1 - r 2 = - r / o \ ( 

2 tanfi T. Pdc Ac Jci •T r(r - R* ) 

where tri-t 2 is the time the OTV takes to go from n to r 2 
and the other parameters have been previously defined. 

The second major term can be numerically integrated to produce Figure 3.3. 

In Figure 3.3 it can be seen that this term is a near logarithmic function of 
the orbital altitude as measured from the Earth’s surface. This term is 
strictly a function of the orbital radius because the Earth s radius is a 
fixed quantity. If the first major term remains fixed during the vehicle 
flight then the ordinate of Figure 3 is linearly proportional to the flight 
time to reach any orbital altitude. 

Expression (3.7) will be applied to the transportation scenario in section 




Figure 3- 


Figure 3-4 



iUUU 10.000 GEO 

ORBITAL ALTITUDE ABOVE EARTH'S SURFACE - KILOMETERS 


3. The Graph Above Gives the Integrated Value of the Second 
Major Term in Equation (3.7) as a Function of the Orbital 
Altitude. This Term Depends Only Upon r because the 
Diameter of the Earth, Re, is Constant. This Term Takes 
into Account not Only the Increasing Time of Contact 
between the Beam and the OTV with an Increase in r, but 
also the Decrease in the Earth's Gravitational Field with 
an Increase in r. 



The Goubau Relationship between Maximized Aperture to 
Aperture Transfer Efficiency as a Function of the 
Aperture Areas At and A r , the Wavelength of the 
Radiation, and the Distance D between the Apertures. 
Distribution of Power Over the Aperture is Given in 
Figure 3-5. 
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3.6. 


B>e time that an Earth generated microwave beam sweeping through a 90 degree 

=\£ £ cssft ctwga» - -—“• 

regions o£ increased dwell time where it acends rapidly. 

The development of the expression 3.7 contains a 

ofSe tnS^alSe. At that altitude most of the energy rewared to place the 
vehicle in GEO has already been expended. Transit times to P 
this formula are believed accurate to within 15%. 


3,5 Aperture to Aperture Power Transfer Efficiency . . 

(1) the efficiency with which 60 cycUpower at the 

radiated microwave power, which has been assumed to be 60% for Ml cautions, 
to\ fhd efficiency with which microwave power is transferred tram tne 

is 

xdcrowave b pwer t is n ^rorbeid i at e the a receiving e a^rture 1 Md W converted ^ito DC 
oower^whiclTwi 11 be assumed to be 80% as a conservative value derived from 
experiment. This subsection will discuss how the aperture to aperture 
efficiency is handled in the analysis. 

The following expression developed by Goubau ‘^^^“ned as 

efficiency between two apertures in terms of a parameter x which is aetinea 

follows: 


T At At 

t - - 

y d 


(3.8) 


where At = 

At = 

y = 
d = 


Aperture area of transmitting antenna 
Aperture area of receiving antenna (rectenna) 

Wavelength of microwave radiation 

Separation between transmitting and receiving apertures 


The relationship between this parameter and aperture to aperture transfer 
3fi”«£ UtfvS in Figure 3.4. With each value of t is associated an 
illumination pattern of the two apertures which is given in Figure 3.5 as 
function of x. 




Figure 3 5. For Maximized Transfer Efficiency for Each Value of T the 

Power Distribution Over the Apertures Must Conform to the 
Above Figure. 


Vehicle mass breakdown 
when ion propulsion is used 


Figure 3-6. 


19000 


66000 kg Payload 



14000 kg Ion engines 
11 . 0 * 


14000 kg rectenna 

no* 


To Obtain Representative Performance of a 
"Transportronics" LEO to GEO Transportation System, in 
Terms of Transit Times to GEO and Operating and Capital 
Costs, a scenario that is described in Table 3-2 has been 
assumed. The Composition of the OTV as it Leaves LEO is 
Depicted Above. When the OTV Reaches GEO it Discharges 
its Payload and Returns to LEO in about 1/3 of the 
Transit Time for the up Link. 
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Referring to figure 3.4, it is noted that the aperture to aperture transfer 
Efficiency can be very high, approaching 100% which has been confirmed 
experimentally. 11 ^s^alsonoted that as the associated valua of x decreases 
i^value, ^distribution of energy across the apertures becomes fo¬ 
under this condition the power density at the center of the rectenna and 
nearly that elsewhere is given by: 


Pd = 


PtAt 

y 2 !) 2 


(3.9) 


where Pd = Incident microwave power density on the rectenna 
E»t - Total power radiated by transmitting antenna 
At = Total area of transmitting antenna 
y = wavelength of the microwave radiation 
D = Separation distance between apertures. 

It follows that the power received will be P d A, , and the efficiency will be: 


n = 


Pd Ac 


Pt 


At Ac 


y 2 D* 


(3.10) 


An examination of these equations indicate that high transfer efficiency 
between the transmitter and the OTV when it is near geostationary requires 
ven^Targe apertures. For exanple, using equation 3.9 and assuming both 
apertures of equal size, 60 % aperture to aperture efficiency would re ^ re 
apertures of 4.7 square kilometers. Although such large apertures for th 
rectenna 8 on the cmTare conceivable for the distant future it would not be 
feasible to consider them at this time. 

However from the point of view of creating a lower cost LEO to GEO 
transportation system it would not be necessary to have high efficiency at 
higl^orbital°altitudes if good efficiency can be achieved .^* ^«* "* of 
tte intense gravitational field that exists in close Proxunityto theEarth 
and where the bulk of the effort is required to raise the orbital altitude. 

in our analysis we will use expression (3.8) for separation distanc^teUjeen 
the apertures up to 2500 kilometers, and expression (3.9) beyond that. The 

pSpSST^oXg so is largely motivated by the ^ysis 

system as will be made more understandable in section 3.7 on System Analysis 

by scenario". 


3.6 System Analysis by Scenario 

3.6.1 Introduction and selection of set of parameters for scenar io 

As indicated in the objectives of this study, it was desired to evaluate 
system transit times from LEO to GEO, system installation cost, and system 
operating cost. Costs were to be expressed in terms of cost to place a 



kilogram of payload into geostationary orbit. 

Experience has indicated that there are just too many parameters to arrive at 
a minimum cost by analytical means. On the other hand, a large amount of 
experience in dealing with transmitter and rectenna costs as well as with 
preliminary tradeoffs between operating costs and initial installation costs 
suggests that a scenario approach may be a good approach to arrive at a set of 
installation costs, operating costs, and transit times to GEO. Such a system 
can be used as a reference system for making improvements, enlarging the 
system, etc. 

The parameters of the scenario that we have selected are presented in Figure 
3.6 and table 3.1. It is known a priori that the system must have a large 
payload capability to attain its potential to greatly reduce transportation 
costs. Such large payloads would be associated with the deployment of the 
Solar Power Satellite system and large scale development of the Earth’s moon. 
It appears to be an economical choice over any other approach to putting one- 
trip payloads of 50,000 kilograms and over into GEO with the associated 
capability of bringing the OTV back to LEO, with or without a payload from 
GEO. 

The technical aspects of the scenario may be divided into the microwave beam 
parameters and the OTV parameters. The microwave beam parameters involved are 
the transmitting aperture area and the radiated power. Hie OTV parameters are 
the rectenna mass, the rectenna area, the rectenna specific mass, power 
consumption and thrust rating of the ion thrusters, the payload mass, and the 
remaining mass of the vehicle and peripheral equipment. 

The scenario assumes an empty vehicle mass of 42,000 kilograms, a payload mass 
and payload fraction of 65,000 kilograms and 51% respectively, and a 
propellant mass and propellant fraction of 29,000 kilogram and 16% 
respectively. With the use of one ground based transmitter it is capable of 
putting about 130,000 kilograms of payload into GEO each year. Although such 
a performance represents putting single payload masses into GEO that are an 
order of magnitude greater than present approaches, it is relatively snail 
compared to those which could be accomplished with vehicles with a greater 
rectenna area or with convoys of smaller vehicles that are placed close to 
each other. 

On the other hand, the ground based transmitter that involves an area of two 
square kilometers and a maximum radiated microwave power of 400,000 kilowatts 
is close to the size of a transmitter in a full scale system. 

The parameters for the complete scenario is given in table 3.1. The basis for 
the selection of the parameters associated with the orbital transfer vehicle 
is found in section 4.0 that describes the associated technology. The basis 
for those associated with the Earth-based transmitter is found in Section 5.0. 
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Table 3.1 


Parameter selection for the LEO to GEO transportation system. 

1. Mission: Starting from a 300 km orbit in LEO to deliver a 65,000 
kg payload to GEO and return to LEO 

2. Orbital Transfer Vehicle 

Total mass in LEO 126,000 kg 

Dry vehicle mass 42,000 kg 

Ion thrusters 14,000 kg 

Rectenna 14,000 kg 

Structure,etc 14,000 kg 

Payload to GEO mass 65,000 kg 

Propellant ness 19,000 kg 

Rectenna 
Area 

Average DC power density 
DC power output 
Specific mass 

Efficiency (dc output/microwave input) 

Propulsion 

Ion thruster 
Propellant 
Specific impulse 
Physical size 
Power consumption, each 
Number of thrusters 
Mass of each thruster 
Thrust of each thruster 
Total propulsive force 
Vehicle acceleration (enpty) 

Vehicle acceleration at 1133 


3. Earth-based transmitter 

Aperture area 2 x 10 6 m 2 
Maximum radiated microwave power 400 mgW 
Frequency 2.45 gHz 
Efficiency, 60 cycle pwr to microwave rad. pwr. 60% 
West to east total scan angle 90° 
North to south total scan angle <1° 
Location equator 


xenon 
4200 sec 
50 am. diameter 
40 kW 
500 
28 kg 
0.37 Newton 
740 Newton 
0.0178 m/s 2 
0.0059 m/s* 


50,000 m? 

400 w/m 2 
20,000 kW 
0.7 kg/kW 
80 % 
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3.6.2 Estimation of 60 Cycle 
the System Scenario 


E nerg y Cost and Transit Time for 


The subject of the amount of 60 cycle energy taken from an earth supply to put 
kJ kl '‘? grarn Payload into orbit with the system scenario just discussed will 

be addressed first with the help of Figures 3.7 and 3.8. Figure 3.7 gives the 
aperture to aperture transfer efficiency and the power density available from 
the rectenna as a function of orbital altitude. These were derived, with the 
aid of expressions 3.8 and 3.10, frcm the aperture area of the transmitter 
and its radiated power as given in Table 3.1. 

T £®. e ff icien oy curve shown in Figure 3.7 is the aperture to aperture transfer 
efficiency when the OTV is directly above the transmitter ((3 = 0). It is of 

fl OUr ^Ko yf lid L to f ssune that the same transfer efficiency will occur'with 
at ? n i: 0 ^ ta l a J tltudes - The "ajor argument for this simplification 
m0S 5 of JJ 1 * e l? ct f lc Power ccnsuiptian is associated with high orbital 
altitudes where the efficiency is low but remains substantially the same over 
the entire sweep angle of 90" .At low orbital altitudes the efficiency can be 
maintained out to p - 45° because of the large area of the transmitter, and 

focussed^ ° f P ^ aSed array to change the point upon which its beam is 

Taking into account the conditions imposed by figure 3 . 7 , figure 3.8 gives as 
a function of orbital altitude, ( 1 ) the accumulative 60 cycle energy, ( 2 ) the 
accumulative delta V, and (3) total elapsed time in days, that includes the 
time during which there is no contact between beam and OTV. 

The calculation of the first item, accumulative 60 cycle energy, will now be 
done, by breaking the mission down into three separate regions. The first 
regi ?” 1S . a * low orbital altitude where a 60% aperture to aperture efficiency 
can be maintained. The next region is where the output of the transmitter is 
gradually increased with increasing orbit altitude to provide 500 watt/m 2 

, th ® fv \ 11 J pow ? r out P ut of 400 KW is reached. That limit is reached at an 
orbital altitude of 8,700 kilometers. The final region is where the power 
density is falling off rapidly with increasing orbit diameter. 

J n !i r f st near LEO' the efficiency of transfer of power from Earth 

to the OTV is high. A typical efficiency breakdown at low altitude is : 

Overall rectenna efficiency 35 ^ 

Ground aperture to OTV aperture transfer efficiency 60% 

60 cycle power to microwave power radiated 60% 


Overall 60 cycle power to DC rectenna power 


From Fig. 3.7, the overall efficiency of 30% holds until an altitude of 2500 
k ii ometers y s reac hed and beyond which the aperture to aperture transfer 
efficiency becomes less than 60%. To supply 20,000 kilowatts to the ion 
engines will therefore require a 60 cycle power of 20 , 000 / 0.3 or 67,000 
kilowatts. With an acceleration of 0.0059 m/s, which is 1/3 that of the empty 

1 V ? 4 ft 1 ? , K the ~ ° f , the ion during which power is being consumed 

is 48.3 hours. The 60 cycle energy consumed is therefore 67,000 x 48.9 or 
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Figure 3-7 . 


Figure 3-8. 
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rhe Dependency of (1) Overall Efficiency of Microwave 
Power Transmission System, and (2) Rectenna Incident 
Slicrowave Power Density, Upon Orbital Altitude t 
Results from the Parameters Chosen for the System 
Scenario. 
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3.18 x 10 6 kwhrs, or 48.9 kwhr for each kilogram of the 65,000 kilogram 
payload boosted from a 300 kilometer orbit to a 2500 kilometer orbit. At 5 
cents per kwhr this represents $2.44 worth of 60 cycle electric power; at 10 
cents per kwhr the cost is $4.88. This is an extremely low energy cost for 
orbit raising. 

It is interesting to compare the cost of energy with the amount of propellant 
used and the cost of bringing it from Earth to LEO. The propellant consumption 
during the 48.3 hours of acceleration is computed from the use of equation 
2.1, where the propulsive force is 740 Newtons and the propellant velocity is 
41,000. The propellant consulted is 3,138 kilograms, or 0.048 kilograms for 
each kilogram of the 65,000 kilogram payload placed into a 2500 kilometer 
orbit from a 300 kilometer orbit in LEO. At the current cost of $5000 for 
each kilogram transported from Earth to space, the transportation cost for the 
0.048 kilogram of propellant is $240, or about 100 times the cost of the 
electric energy. It is interesting to note that such a disparity in costs 
would suggest that even higher specific impulses be used for orbit raising to 
reduce propellant transportation costs from Earth to orbit. Argon, inexpensive 
and readily available, could be used at twice the specific impulse in the same 
ion thrusters, and reduce the propellant transportation cost to $120 while 
raising the 60 cycle energy cost to about $10.00. 


With respect to the total elapsed time. If the microwave beam swings through 
an angle of 90 p , the total elapsed time, as derived from equation 3.7 is 48 
days. 

The delta V that is acquired at 2500 km represents slightly over 20% of that 
needed to go all the way to GEO as seen in Figure 3.7. 

At orbits higher than 2500 km, the aperture to aperture efficiency falls off 
rapidly and impacts the overall efficiency as observed in Figure 3.7. 

However, the power density remains at 0.5 kw/m? until an orbital radius of 
8300 kilometers is reached because the power output of the transmitter is 
gradually increased to a maximum of 400,000 kilowatts, corresponding to 
670,000 kw of 60 cycle power input. 

The 60 cycle energy that is used in ascending from 2500 km to 8300 km 
represents an additional 197 kwhrs, or $9.85 of 60 cycle energy at 5 cents 
per kwhr, $19.70 at 10 cents per kwhr. At an orbital altitude of 8300 km a 
total delta V of 2500 has been acquired or over half of that required to go to 
GEO. 

At orbital altitudes greater than 8300 km, the power density will also 
decrease rapidly with altitude producing less acceleration of the OTV and 
taking longer to acquire an incremental delta V, while still consuming the 
maximum 60 cycle power of 670,000 kw. This segment of the flight from LEO to 
GEO requires the most energy- 3685 kwhrs, or 93% of the total 3,931 kwhrs of 
energy required. The curve of energy consumed versus altitude achieved is 
shown in Figure 3.7. The total energy charge at 5 cents/kwhr is $196.00, or 
$392.00 at 10 cents per kwhr.. 

The intuitive reaction to the high 60 cycle energy charge for the last half of 
the LEO to GEO flight is to increase the efficiency of power transfer over the 



longer distances. On the other hand this energy charge of $196.00 should be 
compared with the cost of bringing up the propellant from Earth to LEO. For 
each kilogram of pay load put into GEO, 0.3 kilograms of propellant will be 
required for the two way propulsion of the vehicle. At a cost of $5000/kg to 
place material into LEO from Earth, the transportation cost would be $1500, a 
charge greater than that of the 60 cycle energy charge. 

Moreover, the energy charge can be drastically reduced when it becomes 
appropriate to do so by using very large OTV’s or a convoy of smaller OTVs 
packed closely together. 

The transit time is shown to be 106 days from Figure 3.7, obtained as the sun 
of many incremental times for incremental increases in orbital radii. With the 
shedding of the payload of 65,000 kilograms, and with only enough propellant 
mass to return to Earth, the return time from GEO to LEO will be very close to 
1/3 of the up time, so that the round trip transit time would be 141 days. 
Since each payload is 65,000 kilograms, about 130,000 kilograms of payload 
would be transported per year, after allowing a total of 82 days for loading 
and unloading cargo. 

It would be of interest to observe what happens to the cost of 60 cycle 
electrical power for each kilogram of payload placed into CEO if the rectenna 
area of a single orbital transfer vehicle, or aggregate area of several 
smaller ones locked together in convoy formation, were increased by a factor 
of five, and if the maximum microwave radiated power were increased from 400 
megawatts to 800 megawatts. The payload delivered to GEO per year would now 
increase from 130,000 kilogram to 650,000 kilogram. By going through the same 
procedure shown in Figures 3.6 and 3.7 it is found that the cost of 60 cycle 
electric power for each kilogram placed into GEO is reduced to $49 from the 
$196 figure. It is further estimated that the transit time will be cut down 
to 100 days from 106 days because the incident microwave power density is 
maintained at 500 watts/m? to a higher orbit. 


3.6.3 Initial Cost of the Microwave Power Transmission Systan for the 
System Scenario. 

Another cost of concern is the initial cost of the transportation system 
portrayed in this section. In addition to the cost of the microwave portion of 
the system, the carpi ete system cost includes the cost of the ion thrusters, 
and more inportantly the cost of the vehicle itself which must be transported 
into space from the Earth. However, these costs are outside the area of the 
author's expertise and will not be estimated in this report. 

The costs of the microwave transmission portion of the system are associated 
with the cost of the components of the Earth-based transmitter and of the cost 
of the rectenna. In addition there will be "one time" engineering design 
charges, but these are a small fraction of the costs of the fabrication of a 
mature system consisting of four ground based transmitters and more and larger 
orbital transfer vehicles and rectennas. Our procedure, therefore, will be to 
estimate costs for all the physical hardware associated with the first system, 
which will also be the basis of estimating costs for a mature system. To these 
costs will be added a large amount for engineering design of the hardware 
conponents, for their testing, and for tooling charges for the fabrication of 


the hardware components, which will be found to lend theneelves to ness 
production techniques. Testing of the system will be included under 
engineering charges. 

The key aspect to accurate estimating of costs is the modularity of both the 
Earth-based transmitter and the rectenna. There are two million modules in the 
Earth-based transmitter, and tens of thousands of modules in the rectenna. 

The total cost of these modules represents the major cost of the transmitter. 
Therefore the emphasis has been to reduce the costs of these modules through 
the use of low cost sub components, minimum mass of raw materials such as 
aluminum, and low cost fabrication methods. Much work and ingenuity has gone 
into this, and much of this is reviewed in sections 4 and 5. . 

As a result of this work, it is possible to estimate the cost of the modules 
used in the transmitter to be no more than $200 each when built in such large 
quantities. Thus their cost would represent $400,000,000. The cost of the ten 
foot high, concrete floor structure to support the modules and protect them 
from the weather is estimated at another $300,000,000. These and other costs 
are outlined in table 3.2. The total costs estimated are one billion dollars. 

TABLE 3.2 


ESTIMATED COST OF 2 SQUARE KILOMETER EARTH-BASED TRANSMITTER 


Module Cost (2,000,000 units) 

Slab and support structure (building) 
Power conditioning and Distribution 
Phase reference and beam guiding 
Management and Engineering 


$400,000,000 

$300,000,000 

$50,000,000 

$100,000,000 

$150,000,000 


Total Cost 


$1,000,000,000 


If we assume that this cost can be amortized over a period of ten years at an 
annual cost of $100,000,000, and that the yearly payload that can be delivered 
with the transportation system is 130,000 kilograms as previously estimated 
after allowance for turn around time, then the cost per kilogram of payload is 
$769.00, or $350.00 for each pound of payload. 


Although building such a large transmitting antenna is necessary for an all- 
electronic LEO to GEO transportation system, it is not reconmended that it be 
built without first building a much smaller system which would verify the 
technology that would be used in the full scale Earth-based transmitter. 

The scale of the interim transmitter would be large enough to merit the same 
tooling and other needs of the larger system. The scale would also be 
consistent with efficiently beaming power into space for use by a satellite in 
LEO. The reconmended transmitter would be 200 meters an the side to produce a 
40,000 m 2 aperture. Each of the 40,000 modules that comprise the transmitter 
would radiate a nominal 500 watts of power for a total radiated power of 20 
megawatts. 


The cost of this smaller transmitter is estimated at $100,000,000, broken down 
as follows: 



Radiating modules including tooling 
Structure 

Power conditioning and distribution 
Phase reference distribution and 
beam steering control 
Engineering, program management, ndsc. 


$12,000,000 

$10,000,000 

$3,000,000 

$8,000,000 

$67,000,000 


Total cost 


$100,000,000 


Although the major purpose of the smaller array is verification of the 
technology it could be very useful as a second transmitter for the OW vehicle 
while it is still in LEO, approximately doubling its rate of ascent in the 300 
to 600 kilometer orbit region. 

Returning to the discussion of cost of the total system which includes the 

asimilar estimate has been made for the cost of the 50.000 square 
meter rectenna. Although it is estimated that the eventual cost of the 
rectenna at the end of the learning curve will be about $350 per square meter, 
we have estimated the cost to include tooling and engineering at a total cost 
of $50,000,000 or an average cost of $1000 per square meter. This cos is 
small conpared to that of the Earth based transmitter and so if its cost were 
spread over ten years, it would add only $38.00 to the cost of placing a 
kilogram of payload into space. 

In sunmary of this section 3.6, a set of parameters were selected that 
described the microwave power transmission system, the propulsion 
that gave the mass of the payload, the mass of the propellant, and the mass of 
the vehicle broken down into rectenna, propulsion, and structure. From this we 
examined the performance in terms of the time taken to go frcm an 
kilometers to geostationary orbit, and the costs associated wlt ]\ 6 

energy required and the construction of the Earth-based array and the space 
rectenna. The cost results were given in terms of the cost per kilogram o 
payload delivered to geosynchronous orbit. Much of the data base for the costs 
associated with the construction of the system is derived either directly fran 
the material in sections 4.0 and 5.0 or in reports on other studies The 
system described by the set of parameters chosen is referred to as the 
reference system. 

3.7 The Payload and Cost Performance Associated With Va rious Degrees of 
Maturity of the System and Various Payload Ratio s 

A fully mature system is defined as one with four full scale Earth-based 
transmitters, and four orbital transfer vehicles. With this arrangement 
there is four times the use of each of the Earth based transmitters, while 
each of the OTVs is exposed to a microwave beam four times more often, so that 
the flight time between LEO and GEO is decreased by a factor of four. Each of 
the OTVs now delivers four times as much payload as the reference system, and 
because there are now four rather than one OTV, the amount of payload 
delivered is 16 times as great as for the reference system. 


In addition, in a fully mature system as defined, it is possible to increase 
the payload fraction, the size and power handling capability of the rectenna, 
and the aperture area and radiated power of the Earth-based transmitter. 



Increasing the payload fraction has an impressive impact upon the amount of 
payload that can be delivered to GEO in the same time period. 


Table 3.3 shows the performance capability in terms of payload delivered as a 
function of various stages of maturity of the system. The procedure for 
obtaining the data for table 3.3 is given in Appendix A. Of particular 
interest is the set of parameters given below Table 3.3 for the annual 

? el ^ ry ° f ? ),00 ° metric tons of material from a 300 kilometer orbit in LEO 
a delivery would be capable of putting up two Solar Power 
Satellites each year from material originating at the Earth's surface or ten 
per year if 80% of the materials came from the surface of the moon. This is a 
long range objective that would be occasioned only by a deployment of the SPS 
system m GEO or seme as yet non-predicted activity of equal size. 


It may be of interest to estimate the number of 60 cycle kilowatt hours 
required to place a kilogram of payload into GEO with the system parameters 
tabulated below Figure 3.3 where there is a payload of 3620 metric tons that 
is placed into GEO in a single journey in about 90 days. We will sinplify the 
procedure of estimating 60 cycle kwhrs by assuming that the transmitter will 
be operating at full power output during the contact time with the OTV. The 
actual contact time with the OTV will depend upon the acceleration and the 

Ch ^ nge 5 hat nnust between LEO and GEO. The change in velocity is 

4600 m/s and with the acceleration of 0.00169 the corresponding time interval 
is 756 hours. During operation the power input into the transmitter is 800,000 
Kilowatts. Therefore the corresponding number of kwhrs for the 756 hour flight 
duration is 605 x 106 kwhrs. When this is divided by the 3,620,000 kg payload, 
the nunber of kwhr per kilogram of payload delivered is 171 kwhr/kg. This 
would represent an energy charge of $17.60 per kilogram of payload delivered. 

We may also want to estimate the capital costs involved in various stages of 
maturity of the system, and see how they apply to placing a kilogram of 
payload into GEO. Table 3.4 has been prepared for this purpose. In determining 
the annual payload that each stage of maturity could deliver, we have assured 
a payload factor of 0.8. As compared with corresponding payloads in table 
3.3, the 10,000 kw OTV has been upgraded to a 20,000 kw OTV. 


From table 3.4, it is seen that with the initial cost distributed over a ten 
year period, the capital cost to put a kilogram of payload into GEO can be 
less than $10.00 in a fully mature system. This, of course, applies only to 
the microwave power transmission system in the transportation system. 

However, it is pointed out in section 4.2 that the ion thruster is designed to 

^n P nn*? UCed K at low cost - In lots of 5000 > a generous cost would be 

$10,000 each so that their cost in a mature system would be $50,000,000 for 

^ For 4 OTV ' S with that Pow^ rating the total cost 
would be $200,000,000. This would increase the total cost of the mature system 
as given in table 3.4 to $4,600,000,000 or only 5% greater. Even if the 
estimate of the cost of the ion thrusters was low by a factor of three or 
four, the difference between the complete propulsion system and that of the 

microwave transmission portion of it alone would not be very great, percentage 
wise« 
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Table 3-3 


NUMBER OF METRIC TONS OF PAYLOAD DELIVERED TO GEOSYNCHRONOUS ORBIT PER YEAR 



Space Vehicle 
Power Rating 
Average Power Density 
Area of rectenna 
Rectenna efficiency 


200,000 kw DC from rectenna 
0.4 kw/m 2 DC power 
500,000 m 2 
80% minimum 


Vehicle mass 

Ion thruster mass at 0.68 kg/Kw 
Rectenna mass at 0.68 kg/Kw 
Vehicle, tank, and other structure 
Dry mass of vehicle 
Payload mass at 80% of total 
Propellant mass at 11 % of total 
Total initial vehicle mass 


136,000 kg 
136,000 kg 
136,000 kg 
408,000 kg 
3,620,000 kg 
459,000 kg 
4,487,000 kg 


Earth based transmitting antenna 
Frequency 2.45 GHz (ISM Band Center frequency) 
Area 2,000,000 square meters 


Maximum microwave power radiated 500,000 kw 

Microwave Generator - high-gain, phase-locked, micro 
wave oven magnetron combined with ferrite circulator 
Average generator output 250 watts 

Number of magnetrons 2,000,000 

i nDut 60 cycle AC power 800,000 kw 


Type of antenna structure 2,000,000 radiating modules 
each a section of waveguide with 100 radiating slots 
fed in middle from one magnetron amplifier. 


Electric Propulsion 
Type 

Power input 
Quantity 
Propellant 
Specific Impulse 
Specific thrust 
Total thrust 


ion thruster, 50 cm. (Ref. 10) 


40 Kw each 
5000 
Xenon 


4200 sec. (41,000 m/s) 
0.038 Newton/Kw 
7600 Newtons 


Beam pointing control by phasing radiating modules 

Beam tracking of space vehicle - interferometers on trans¬ 
mitter track beacon at center of rectenna in open loop 
mode, and by amplitude sensors on periphery of rectenna 
sense beam amplitude and close control loop. 

Beam focussing for near and far distances by phasing 
radiating modules 


Acceleration of the vehicle 
Acceleration of dry vehicle 
Acceleration of vehicle with 
payload and propellant 
Acceleration of geosynchronous 


0.0186 m/s 2 

0.00169 m/s 2 
distance 0.00015m/s 2 


Approximate round trip times, 
assuming empty vehicle return to earth 90 days 


Angular sweep of beam -120° total in direction along 
equator; less than 1° in north-south direction. Note that 
only 90° sweep is practical at low altitude. However, at 
altitudes of 5000 km or more the distance to satellite and 
the angle between beam and satellite tend to be inde 
pendent of pointing angle so that a larger angular sweep 
could be used. 
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— r gf? rison ^Jg timates obtained from the system analysis for the 
s cenario as sured in section 3^6 with that from data in tabTT£37 

It is of interest to compare the 130,000 kilograrre of payload delivered to 

IT "tZT'T j" secti ^ 3 ; 6 " Uh «» nearest 
in tame 3 3 . This point is m the left hand colum where the oavload 

°-5 oo^esponds to the payload fraction of 0.51 in tte scenario 

annual! *+ S «cri ;i K n 3 'f* Table 3,3 shows 87.5 metric ton (87,500 kg) delivered 
annually to GEO by a 10,000 kW rated OTV. This would be upgraded to twice that 

factor IV** ^ *5* 20 '° 00 ^ rated ^ in thfsceSrio, ^ a 
ctor of 1.35 greater. However, table 3.3 assures no allowance for turn 

deli^ry^ 130 ^OO^* 3 'tTy? 110 ^ th * anal ^ sis in section 3.6. The 
livery of 130/000 kg would have been increased to 165,000 kilograms if turn 

tir ? 0 ra i Ued • the estimated two an^oal SyuSTar; 

nearly the same, when adjusted for turn around time allowanc^ 


TABLE 3.4 


CAPITAL COSTS ASSOCIATED WITH VARIOUS DEGREES OF SYSTEM 
MATURITY AND ASSOCIATED IMPACT UPON PRORATED CAPITAL COSTS 
TO PLACE A KILOGRAM OF PAYLOAD INTO GEO 


Level of System Maturity 



1 Transmitter 

1 20,000 kW 
Rectenna 

4 Transmitters 

4 20,000 kW 
Rectennas 

4Transmitters 

4 200,000 kW 
Rectennas 

1, Transmitter Acquisition cost 

$1,000,000,000 

3,400,000,0000 

3,400,000,000 

2. Rectenna Acquisition Cost 

50,000,000 

170,000,000 

1,000,000,000 

3. Total Acquisition Cost (1+2) $1,050,000,000 

3,570,000,000 

4,400,000,000 

4. Annual Cost Distributed Over 
10 years (3/10) 

$105,000,000 

357,000,000 

440,000,000 

5. Annual Payload Delivery 

0.8 Payload fraction 

380,000 kg 

6,000,000 kg 

60,000,000 kg 

6. Time Distributed Acquisition 
Costs Divided by Annual 
Payload Delivery (3/4) 

$276/kg 

$59.5/kg 

$7.33/kg 
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4.0 TECHNOLOGY OF THE ORBITAL TRANSFER VEHICLE 

The technology of the proposed orbital transfer vehicle is a unique 
combination of electric propulsion technology and the technology of power 
transmission via a microwave beam. This section will first discuss the 
physical format of the vehicle. Then, in sequence, it will discuss the ion 
thruster as the preferred form of electric propulsion, and the rectenna as the 
portion of the beamed microwave power transmission carried on board the 
orbital transfer vehicle. It will also discuss the interface between the 
rectenna and the ion thrusters, a subject of prime importance. In addition the 
bussing of the power from the rectenna to the ion thrusters will be analyzed 
in terms of the mass required for the bussing and the power that is dissipated 
in the bussing. Finally, there will be a preliminary discussion of the 
interaction of the current in the busses with the Earth’s magnetic field. 

These subjects together with their numerical identification are given below. 

4.1 Overall description of the vehicle. 

4.2 Description and simplified analysis of the ion thruster 

4.3 Description of the rectenna 

4.4 The interface between the ion thruster and the rectenna 

4.5 Interrelationship of rectenna size with bussing mass and electrical 
loss 

4.6 Interaction of the electrical busses with the Earth's magnetic field 

Attention is called to the fact that items 4.4, 4.5, and 4.6 have been 
quantitatively evaluated during this study and the results have been 
incorporated for the first time in a report. They have not been included in 
any published paper. Each of them is very important in the design of a 
practical orbital transfer vehicle. 


4^1 Overall Description of the Vehicle 

The overall format of the vehicle is depicted in Figures 1.11 and 1.12 in 
section 1.0 of this report. Figure 1.11 is a photograph of a model 
representing the vehicle in its simplest form. A large rectenna collects the 
energy and the power is bussed through the side members of the vehicle. These 
side members are also the major structural members of the vehicle and their 
shape and mass represent a tradeoff study between increased mass to reduce the 
I R losses and area to radiate the heat loss. This aspect of the design is 
discussed in section 4.5. 

The ion thrusters are located at one end of the vehicle. They are purely 
schematic in the illustration. In their place would be several hundred ion 
thrusters of the current 30 cm. or 50 cm. design. 


The area of the rectenna is large, primarily for the purpose of increasing the 
mu 1ClenCy m i crowave beam coupling between the earth and OTV apertures. 
The result is a rectenna that would be rated at 20 megawatts, with a rating of 


BLANK NOT FH.WCD 
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several times that and even up to 200 megawatts a distinct Possibility for 

staging for vehicles that would go on to the moon or Mars, and to receiv 

naterial coning from the moor or Mars and destined for low Earth 

orbit or Earth. 

F-iaure 1 12 of section 1.0 shows an artists rendering of a second generation 

els-ss T£ ss *- 

the front and the back of the vehicle. 

Tn this design the ion thrusters are mounted at an angle in the hope and 
expectation 1 that their pits* of iors will not erode 

the thrust of the ion thrusters must be parallel to the Earth s surtace, one 

aSgl^STthe mounting does mean that the rectenna will be 1 tli'Sag 

anal e to the Earth's surface. The most serious aspect of this is that the ar g 
rthe veMclf in the atmosphere in low Earth orbit will be substantially 
increased. A more recent thought is that perhaps the ion thrusters should 
still be mounted on the axis of the vehicle but outboard of its sides so 
Ste direction of the thrust of the ionthrusterscay be independent of 
the orientation of the rectenna with respect to the Earth. 

In this study no serius considertion has been given to the ^a il ®^ s ‘" ctural 
desp ot the vehicle. However, the work of A.P. Coppa has been used for 

estimating the mass of the vehicle. (33) 


4.2 The Technology of the Ion Thruster 

The principles of operation of the ion thruster are first principles of 
charged^particle ballistics as given, for exanple, in "Fundamentals of 
Engineering Electronics" by W. G. Dow, John Wiley, and in reference 5 - 
Advanced technology from which performance parameters were taken for the s y 
are given in references 29, 30 and 31. 

The ion thruster was selected from a number of different kinds of electric 
fV»Kii< 5 i-prs It is not the purpose of this section to also describe the other 
thrusters*and their good and bad characteristics. However, the ion thruster 
was selected for the following reasons. 

o Works well over a wide range of specific irrpulse ™lues. 
n Efficiently converts electric power into thrust power 80% 
o Gets rid of any inefficiency by direct radiation of heat to space, 
o Operates at a high voltage- essential to hold down current bussing 

o Has^lowTatio o^nSs to power consurrption, 1 kg/kw in 30 cm design. 

less than that for projected 50 am. design, 
o Easy replacement of parts. 

o Is designed to be largely constructed from sheet metal parts. 
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o Operation is well understood theoretically, 
o More good life test experience than other approaches. 

4.2.1 Principle of operation of the ion thruster 

A photograph of a representative ion thruster is shown in Figure 1.4 in 
section 1.0 of this report. Figure 4.1 is a schematic that describes the 
principle of operation of the ion thruster. First, a gas is ionized in a 
chamber. Positively ionized atoms of the gas are then extracted through holes 
in a wall of the gas chamber and accelerated to high velocity by the potential 
that exists between the wall of the chamber and an accelerating grid. 

In this subsection we will analyze the performance of the ion thruster using 
the physical laws that relate to the acceleration of ions between two plates, 
as shown in Figure 4.1. From these laws we can predict the approximate 
behavior of the ion thrusters. However, the measured performance of ion 
thrusters deviates somewhat from these predictions for reasons best understood 
by experts in the area of ion thrusters. The performance of the 50 cm. 
thruster as projected by experts is given in Table 4.1. and the ratio of its 
mass to power consumption may be obtained from Table 4.2 (31). 

Table 4.2 is also included to indicate the very large power conditioning mass 
that is necessary when operating with a non-rectenna power source, in this 
case a nuclear power source that has a relative low DC voltage output which 
must be stepped up for application to the ion thruster. 

The analysis is started by determining the terminal velocity given to an 
ionized particle moving between two charged plates. This is 


(5.97 x 105) vi /2 

v --m/s (4.1) 

■f m/m, 

where v = velocity of accelerated ion, meters per second 
V = the applied potential , volts 
nu/irw = ratio of the mass of the propellant ion 
to the mass of the electron 

Substitution of the mass of the ions for argon and xenon into the above 
equation, together with an assumed applied potential of 1500 volts, give 
velocities of 77,000 and 42,000 , respectively. These velocities are greater 
by ratios of 19.2 and 10.5 than that achieved with chemical propulsion. 

For a given thrust, the propellant mass expelled is inversely propulsion to 
the velocity, so the propellant consumption is down from that of chemical 
propulsion by the factors of 19.2 and 10.5. 

The number of positive ions and therefore the total mass that is extracted 
from the ionized gas chamber may be approximated by the solution of Poisson's 
equation applied to a diode consisting of two plates separated by a distance 
s, with a potential V between the two plates, one of which is a cathode that 
can emit unlimited amounts of charged particles so that the limitation of 
current flow between the plates is limited by the build up of space charge 
between the plates (34). This equation is given below: 
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Figure 4-1 
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(2.331 x 10-6) V 3/2 


^ - anperes/nt 

V"rru /irte s 2 


(4.2) 


where: J = current flow, amperes/m 2 

V = potential applied across the plates in volts 

mi = mass of the ion 

nw= mass of the electron 

s = separation between the grid plates. 

If s is taken as 1.3 mm or 0.0013 m, a representative spacing between the grid 
plates, the voltage is taken as 1500 volts, and xenon is used as the ionized 
gas, whose ratio of ion mass to that of electron mass is 237,000, then the 
current flow is determined as 164 amperes per square meter. 


^ is found that the flow of current between the two plates in an ion thruster 
which are not simple flat plates but have holes in them through which the ions 
can flow is not proportional to the 3/2 power of the potential but to an 
exponent which is somewhat less than that. 


Note that the number of atoms flowing per second and therefore the total irass 
flow rate can be determined from this expression. Current flow is expressed in 
coulombs of charge per second, so that the total number of particles is given 
by the coulombs of space charge flow divided by the value of charge on a 
single particle. The number of particles then can be multiplied by their mass 
to give the mass flow rate dm/dt from the ion thruster. 


dm/dt =(J x mi )/ e ( 4 . 3 ) 

dm/dt = mass flow rate in kg/s 

J - current flow density in amperes/m 2 
Mi = mass of ion = proton mass x atomic weight 

= (1.672 x 10 -27 ) x atomic weight 
e = unit charge = 1.602 x 10-i* coulonbs 

The atomic weight of argon is 40 while for xenon it is 130. For these two 
gasses the flow rate as given by 4.3 is 1.35 x 10-« kg/s for xenon and 
0.42 x 10-6 kg/sec for argon, for each ampere of current. 

Expression 4.3 gives the mass flow per unit area or one square meter. The 
current flow in the actual thruster will be proportional to the area of the 
grids of the thruster. Ion thrusters are usually referred to in terms of the 
diameter of their grid structure through which the positively charged ions 
flow. Thus the well developed 30 am thruster has an aperture area of 0.07 cm 2 , 
and the 50 cm. thruster now being developed has an aperture area of 0.20 cm 2 
The projected current for the 50 cm. thruster then is (.2)(164) is 32.8 
amperes, so that the anticipated propellant flow rate would be 
(32.8)(1.35 x 10" 6 )= 4.6 x 10" 5 kg/second. 
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tTvilVM^ich control the flow of gas into the ionizing chanter. 


The total thrust is given by: 

N = v dn\/dt. 


(4.4) 


where N = thrust in Newtons 

v - velocity of expelled ion, m/s 
dm/dt = mass flow rate in kg/s 

thrust would be 1.93 Newtons. 

The predicted performance of a 50 cm thruster as projected by D.L.Galedti and 
M J Patterson of NASA's Lewis Research Center is shown in Table 4.1 (31). The 

«« of 25.8 amperes for a specific impulse of 4138 

?corresponding to a velocity of 40,500) and propellant flow rate of 
(correspon s ^ ^ ^ than the 1>93 Newtons and the 4 6 x 10 

ka/sec carputed by the procedure given above. Some difference would 
certainly^be expected. The procedure given above, would certainly need 
fine tuning to allow for secondary factors. One of these is that the ion 
thruster may not be operated at the space charge saturation llmlt beCaUSe ° 
the throttling possible in allowing gas into the chamber. 

R listing of the sources from which three critical parameters were obtained 
for use in section 3.6 which evaluates the perfonrence of the system as a 
whole is important. These parameters are the ratio of thrust to el ®^ ri ° 
rawer 1 theTatio of the mass of the ion thruster o the power censured, and the 
ratio of propellant consumed to the thrust. They are: 

Ratio of thrust to electric power _ o*67ka/kw 

Ratio of the ion thrust mass to power consumed ------- iq 5 jw/N 

Ratio of rate of propellant cansurrption to thrust 2.245 x 10 kg/ 

The ratio of thrust to electric power, 0.035 Newtons/kW was obtained from the 
following table 3.2 on ion thruster experimental data ttat was pubUshed in 
MDer AIAA-85-1999, "NASA Electric Propulsion Technology at Electric 
propulsion Conference Sept. 3-Oct. X, 1985, by authors F.D. Berkopec, J.R. 
Stone and G. Aston (29). 

T 2 DEMONSTRATED 30 CM ION THRUSTER PERFORMANCE 


Xenon propellant 


Thrust 

Specific Inpulse, sec. 
Power , kW 
Thruster Efficiency 


0.37 0.71 
4240 4740 
10.6 21.6 
0.72 0.76 


With 20,000 kilowatts of power, the resultant thrust is the 740 Newtons 
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TABLE 4.1 


PROJECTED 50-cm ION THRUSTER PERFORMANCE 


Beam 

current, 

A 


Thrust, 

Thruster 

Specific 

Thruster 

Beam 

N 

Input power. 

Impulse, 

efficiency 

voltage. 


kW 

sec b 


ya 


Net-to Propellant 
total flowrate, 
voltage kg/sec^ 
ratio 


Propellant = 



4138 

0.77 

1375 

0.55 

3.51 E-5 

4669 

0.79 

1750 

0.70 

3.29 E-5 

4991* 

0.80 

2000 

0.80 

3.40 E-5 

5294 

0.80 

2250 

0 90 

3.13 E-5 


Propellant 


7498 

0.77 

1375 

8459 

0.79 

1750 

9043 

0.80 

2000 

9591 

0.80 

2250 



1.86 E-5 


2.00 E-5 


1.76 E-5 


1.50 E-5 


a The screen grid voltage \was used as an approximate value for the beam voltage, 
blhese were used In the trajectory analysis as the values of exhaust velocity and 
spacecraft mass loss rale which produced useful thrust; precise thruster Isp, and 
total flow rates used 1r^ the calculation of total propellant mass, vary by less 
than 5 percent 


0.038 n/kw 


0.64 kg/kw 


TABLE 4.2 


ION PROPULSION SYSTEM COMPONENT MASSES 
(a) Nuclear start orbit spiral, X^non, 300 kW 


Mission scenario 


Propellant 
Isp, sec 
Total power, kW 
Number of thrusters 


Thruster/Glmbal, kg 

Thermal control, kg 

Power processor, kg 

Thruster structure, kg 

Total Interface module (dry), kg 


Total dry mass, kg 


Propellant, kg 
Tankage, kg 
Tankage structure, kg 


Total propulsion system mass, kg 9312 


/NS0 NSO NS0 
spiral spiral spiral 


Xenon 
5294 
300 
5 I 5 



















































that was listed in table 3.1. 


The ratio of propellant consumption to thrust was derived from equation 3.4. 
At a propellant velocity of 41,600 (corresponding to the 4200 value of 
specific impulse) the propellant consumption is 2.45 x 10 5 kg/sec for each 
Newton of propulsive force. The results of this procedure for calculating 
propellant consurtption may be checked against the projected consumption rate 
in Table 4.1 (obtained from reference 31) for the comparable specific impulse 
of 4138 in that table. The rate of consumption so obtained is 2.34 x 10 5 
kg/sec. With 740 Newtons of thrust the propellant consumption will be 0.0179 
kg/sec. 


4,3 Description of the Rectenna 

The technology of the rectenna is key to the revolutionary performance of the 
proposed electrically propelled orbital transfer vehicle. It has many 
desirable characteristics, but it can be briefly described as a source of 
power that when illuminated by a microwave beam will produce 1 kilowatt of 
continuous power in space with a mass of from 0.7 to 2.0 kilograms. This 
mass to power ratio, frequently called specific mass, contrasts sharply to 
that of the 100 kw nuclear power source now under development which has a 
projected mass of 30 kilograms to produce 1 kilowatt of power. It also 
contrasts with the specific mass for solar photvoltaic arrays, which 
currently is very high, but which is projected to be as low as 10 kilograms 
for a kilowatt of power output. The low specific mass of the rectenna matches 
that of the ion thruster, so that with a similarly low specific mass of the 
orbital transfer vehicle structure, unprecedented accelerations are possible 
for an electrically propelled vehicle. 


4 . 3.1 Desirable characteristics of the thin-film rectenna format for 
space. 

In a ddition to the low specific mass of the rectenna it has many other 
desirable characteristics. These and other identifying properties are: 

o Frequency- 2.45 GHz. Other frequencies are possible but the following 
set of characteristics are based upon performance at 2.45 GHz. 

o Frequency sensitivity - relatively insensitive because it is a nan- 
resonant type of device. Therefore, it can be built without exacting 
tolerances. 

o Low specific mass - as low as 0.7 kg/Kw 

o High power density - 400w/mn? in current system scenario as compared 
with 200w/m? for solar photovoltaic arrays. New designs can operate 
at levels of as high as 5 Kw/m?. 

o High efficiency - Space rectenna has operated at 85% efficiency. 

Has been measured as high as 90% in non-space application. 

o Disposal of waste heat- all space rectennas have been designed to be 
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self cooled, radiating directly into the vacuum of space. 

o Use of critical material GaAs - 1.0 gram per kilowatt of power 

output, or about 10 kilograms for a 10 megawatt array. This contrasts 
sharply with a GaAs solar photvoltaic array. 

o Life and reliability - Extensive Life tests of rectifying diode under 
sea level atmospheric conditions indicate life of tens of years. 

Tests in vacuum have been limited but indicate long life in space. 

o Protection from space radiation - The package for the GaAs diode 
represents considerable shielding from radiating from space. More 
shielding could be added with little penalty in the mass of the 
diode. 

o Output voltage - Output voltage of one rectenna element will be from 
15 to 30 volts as contrasted to 0.6 volts for a solar photovoltaic 
cell. Like solar cells they may be connected in series and parallel 
to produce almost any desired voltage and almost any level of power. 


o Sensitivity to direction of incoming radiation- DC output of original 
rectenna with diode per rectenna element followed cos 2 law with 
respect to angle of incoming microwave radiation. Newer rectenna 
designs are equally insensitive about one axis but not the other. 

o Sensitivity to load- Highly insensitive to small variations in load. 
Efficiency losses follow relationship of (R-Ro)/Ro) 2 . A 10% load 
variation thus leads to a 1% power and efficiency loss. A 2-to-l load 
variation will lead to a 25% power loss. 

o Failure modes related to load- rectenna must be protected against an 
open load or one that appears transiently as an open load, such as a 
highly inductive load. 


° Esse of manufacture - The rectenna can be made in large quantities 
with existing equipment. . 

o Modular nature of rectenna- rectenna area can be easily increased by 
just adding new rectenna modules. 


-I• 3 • 2 Description and perfofinance of the thin-film fo rmat of the 
rectenna. 


The rectenna is a two plane device, in which the foreplane carries out the 
function of absorbing the microwave power, rectifying it, filtering it, and 
the bussing of the DC power. The back plane which can be a low- mass, plastic 
film with a metalized surface, positioned about one quarter wavelength from 
the foreplane , is necessary to capture 100% of the microwave beam that is 
incident upon the foreplane (6,7). 

A schematic of the foreplane is shown in Figure 4.2. It may be seen from this 
schematic that a microwave transmission line serves not only as part of the 



microwave circuitry but also as the DC power collecting bus. The general 
format is that a number of rectenna elements are paralleled across a DC bus 
line whose terminals may then be connected in series or parallel to other DC 
collecting busses. Thus any combination of total output voltage and current 
may be obtained. The typical voltage output of an individual rectenna element 
is 25 volts. To achieve the typical 1500 volts needed by an ion thruster 60 
parallel banks of rectenna elements would be coupled in series. This compares 
with having to connect 2500 banks of solar photvoltaic cells together to 
provide 1500 volts. 

The question may arise as to what happens when a diode develops an open 
circuit or a short. The open circuit is not a problem because it removes the 
diode from the line and the microwave power involved is either reflected 
from the dipole or is picked up by adjacent elements, or both. A hard short, 
however, would cause some problems. Fortunately, the diode package is designed 
so that a one mil wire couples the rectified power in the diode to the 
outside. If the diode shorts the other rectenna elements in paraHel with it 
also see the short and the total rectified current from them flows through the 
one mil wire and burns it out. 


Many of the principles of the series and parallel connecting of rectenna 
elements and the fuse principle was put into practice in the rectenna built 
for the Goldstone demonstration as seen in Figure 1.8. Here 6 banks of 50 
parallel connected rectenna elements were connected in series to produce 200 
volts of DC power output. At no time were there any failures caused by shorted 

elements (19,20). 

It was necessary, however, to protect the output of the rectenna from an open 
circuit load or one that appeared to be an open circuit on a transient basis 
because the diodes can bum out very rapidly if the peak inverse voltage is 
exceeded. To protect the Goldstone array from the open circuit failure mode 
fast acting shorting bars were designed into the array to protect the array if 
its output voltage exceeded an agreed upon value. 

One of the rectenna elements is shown in greater schematic detail in Figure 
4 3 The incident microwave power is captured by the dipole. It then flows 
through the two section low pass filter which acts as both a harmonic filter 
and as an energy storage element, and then into a low-Q rectification circuit 
tuned to the incoming frequency. A 30 picofarad bypass capacitor on the output 
has a number of functions. It appears as a near microwave short across the two 
wire line and so its physical distance from the rectifying diode determines 
the value of inductance that resonates the rectification circuit. It also 
greatly reduces the harmonic power that would otherwise get into the DC 
output. 

The electrical design of the lew pass filters was originally made for 
individual bar-line, plug-in type rectenna elements. These elements were 
mechanically assent.led from formed sidebars and disks of teflon acting as 
capacitors. This design was based upon theory and its performance as a 
harmonic filter follows the theoretically predicted results. Section 6.0 of 
this report covers that subject. This same electrical design was used in the 
thin-film format for the rectenna. 

Some of the details of the construction of the rectenna are shown in Figure 
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DIPOLE ANTENNA BARRIER DIODE RECTIFIER AND OUTPUT FILTER 


Figure 4-3. Simplified Electrical Schematic for the Rectenna Element. 



Figure 4-4. Principle of the Thin-Film, Etched-Circuit Rectenna. 

Circuit Elements are Etched on Both Sides of Dielectric 
Film. There are No Interconnects between Etched 
Elements. The Needed Capacitors Shown in Figure 4.3 are 
Formed with the Aid of a Metal Patch on the Back Side of 
the Dielectric Film. 
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4.4 (6). The rectenna is etched from a 5 layer sandwich of material consisting 
of one ounce copper (1.2 mil thick) on the two outer faces, a central core of 
one mil kaptan with two 0.5 mil sheets of teflon between the copper and the 
Kapton which serve as a bonding agent between the copper and the Kaptan. The 
bonding of the copper to the film is done under high pressure at an elevated 
temperature, considerably greater than that used for bonding copper directly 
to Kapton with an epoxy. It was found that the epoxies generally used are very 
lossy. The combined loss in the Kaptan and teflon is quite low. 

Etching is carried out on both faces. The shunt capacitance shown across the 
line in figure 4.4 is physically two capacitors in series. 

Some of the properties of the thin film format for the rectenna foreplane are 
shown in Figure 4.5. The flexibility of the film is exhibited by rolling it up 
on a drum and then unwinding it. In figure 4.6 the film is shown applied to an 
airplane wing which was thoroughly checked out for its electrical properties. 
The output of the rectenna was connected directly without power conditioning 
to a DC motor that was driving a propel lor. 


4.3.3 Experimental1y measured performance. 

Figure 4.7 shows the efficiency performance of the thin-film rectenna element 
as a function of DC load resistance and the DC power output of the element. 

The performance is limited by the reverse voltage break down of the diode. 

The experimentally measured diode efficiency as a function of a variation in 
load is shown in Figure 4.8 (4). As previously indicated a 10% variation in 
load away from a matched load results in a 1% decrease in efficiency. A 2-to-l 
variation results in a 25% decrease in efficiency. 

Of paramount importance is the ability of the diode in the rectenna to operate 
without failure in the vacuum of space. A substantial amount of analysis was 
performed and reported upon in reference 33 in which a glass packaged diode 
wais used. The finding was that there should be good confidence for long life 
if the diode were operated with a dc output of 1 watt per diode. Later, with 
the diode packaged in a ceramic package this projection was raised to 2 watts 
per diode or 400 watts of DC power for each square meter of rectenna area. 

In more recent work as outlined in Section 6.0, the new rectenna format allows 
the diode to be mounted in a very low mass circular radiator as shown in 
figure 6.28. With this arrangement the diode was operated with three watts of 
dissipation in a vacuum for an extended period of time and with the diode 
package not exceeding 110 degrees Celsius. This temperature is considered to 
be low enough to give the diode long life. Because the diode itself will give 
an efficiency of 90%, the 3 watts of diode dissipation represents operation of 
the diode as a rectifier with 27 watts of DC power output. In the new rectenna 
format described in section 6.0 it is planned to operate the diode at 8 watts 
of power output. Figures 6.28 thru 6.31 provide additional information. 


70 




G218299 


Figure 4-5. Photograph Showing the Flexibility of the Foreplane of 
the Thin-Film Etched-Circuit Rectenna. 



83-0338C 

Figure 4-6. An Area of the Thin-Film Rectenna was Applied to an 

Airplane Wing and Tested. Output of the Rectenna was Fed 
Directly to an Electric Motor that was Driving a 
Propellor. 
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DC POWER OUTPUT INTO LOAD RESISTANCE G 218298 


Figure 4-7. The Efficiency of a Single Thin-Film Rectenna Element as 
a Function of DC Load Resistance and Rectified DC Power 
Output Level. 



r l /r lh 


Figure 4-8. Theoretically Derived and Experimentally Observed Curves 
for Normalized DC Voltage Output Vl and Normalized DC 
Power Output (Denoted as "Fraction of Power into Load 
Resistor") as Functions of the Ratio Rl/^LM Where Rl is 
the Value of the DC Load Resistance and Rlm is that Value 
that results in Zero Reflected Power. 
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4.4 The Interface Between the Ion Thruster and the Rectenna; 

Minimization of Power Conditioning. 

One of the problems with the acceptance of the ion thruster principle is that 
the power conditioning associated with it has been a major complication. The 
ion thruster requires a number of different power supplies. In addition to the 
large amounts of high voltage power needed for accelerating the ions, there is 
the power supply for the cathode, the power supply for the ionization chamber, 
and the power supply for the space charge neutralizing electrode. However, 
with a beamed power transmission system as a source of power, it appears that 
there is a major opportunity to minimize the amount of power conditioning 
necessary for the thrusters. 

These different power requirements are marked by a wide variation in the level 
of power and voltage. As discussed in the previous section the rectenna 
modules can be connected in parallel or series to provide the desired voltage. 
Although the general need is to provide voltages higher than 30 volts, the 
nominal voltage output of the basic rectenna element, the rectenna elements 
themselves may be designed with microwave impedance transformers to produce 
voltages as low as 6 volts, for possible power sources for filamentary 
cathodes, etc. Thus we can dedicate portions of the rectenna to the various 
needs of the ion thrusters. Those requirements of the thruster that need high 
current but low voltage can be placed adjacent to the thrusters to minimize 
the mass of the bussing. 

Of all the diverse power requirements for the ion thruster, that required to 
accelerate the ions between the grids of the thruster represents more than 80% 
of the total power requirements. Further it must be at high voltage, and to 
avoid carpiicated and massive power conditioning of the power the ion 
thrusters should be connected directly to the high voltage bus, with only a 
fuse to disconnect the thruster from the bus in case of a hard short between 
the grids of a thruster and an inductance of the proper impedance to 
momentarily reduce the voltage between the grids to clear a transient arc. 

The high voltage power supply and its connections to the ion thrusters is 
discussed in the next section, 4.4.1. This work is new work performed under 
this contract. 


4.4.1 The rectenna power source for the ion thruster accelerating grids 
and its interface with the ion thrusters. 

As shown in Figure 4.9 a large number of rectenna modules are connected in 
series to provide a source of high voltage for the grids of the ion thruster. 
This principle was experimentally confirmed with the test of i.he 30 kilowatt 
rectenna at the Goldstone Facility of the Jet Propulsion Laboratory. Six 
rectenna modules, in which all internal elements were connected in parallel, 
were connected in series to produce 2 kilowatts of power at a potential of 200 
volts (19,20). 

As shown in Figure 4.9, there is a build up of voltage across the array to the 
side members which bus the power to the ion thrusters. The total voltage 
generated across the array and the voltage gradients between the side busses 
is probably of importance in minimizing leakage through any piastre that may 
exist. The existence of this plasma may result from operating the OTV in low- 
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RECTENNA MODULES 



Fiqure 4-9. Composition of the Rectenna for the Orbital Transfer 
Vehicle. The Requirement of the Ion Thrusters for 
Potentials of the Order of 1500 Volts is Met by Placing 
75 Small Rectenna Arrays in Series. Each Array Produces 
20 Volts. The Power Collected Flows Laterally to Two 
Larger Tapered Busses that Carry power Directly to the 
Ion Thrusters. 


HI6H 

FROM RECTENNA FUSE—Q Q U 



THRUSTER DESPIKING AND ARC PROTECTION CIRCUIT 


Figure 4-10. The Rectenna is Connected Directly to the Bank of Ion 
Thrusters without Power Conditioning Other than that 
Shown Above. Transient Arcing in the Thruster is 
Accommodated by a "Small Mass" Series Inductance which 
Lowers the Voltage Momentarily on the Ion Thruster and 
Clears the Arc. In the Event of Sustained Arcing a Fuse 
Blows and Removes the Thruster from the "Hard Bus". 
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Earth orbit where same natural plasma exists, or it many came from the plume 

of the exhaust of the ion thrusters where low velocity ionized gas may be 
generated. 

In the scenario of the OTV that we have assumed, the rectenna is a square 
array of 50,000 square meters so that the side meiribers of the array are 234 
meters apart. The voltage gradient between these side members for a 1500 volts 
between the busses is then 6.4 volts per meter. Such a low voltage will 
minimize leakage through the plasma. 

As shown in Figure 4.9 the high voltage appears at the terminals of a 234 
meter long bus which extends the length of the ion thruster bay. If necessary 

the ion thruster bay could be either evacuated or pressurized to avoid leakage 
between the busses. 

The proposed arrangement for connecting the grids of the ion thrusters 
directly across the hard bus from the rectenna is shown in Figure 4.10. 

If there is a hard short between the grids, the fuse in series with the 
thruster will blow. To handle a momentary arc that would clear itself if the 
voltage across the thruster grids were suddenly reduced, an inductance has 
been inserted in series with the thruster. 

impedance match between the rectenna and the terminals of the 
ion accelerating grids of the ion thrusters. 

The voltage current characteristics of the rectenna and of the ion thruster 
are such that a direct connection may be made between the two. The 
characteristic of the rectenna is that when exposed to a microwave beam of 
constant power level, the rectified DC power will be nearly constant, even 
though the load resistance may be varied over a substantial range. This leads 
to the voltage-current or V-I characteristic shown in Figure 4.11. 

The V-I characteristic of the ion thruster depends upon whether it is always 
operating space charge limited between the grids, or whether the flow of gas 
into the thruster is choked down so that only a limited number of atcrre can 
enter the ionization chamber. In the first case the current flow tends to be 
proportional to the 3/2 power of the applied potential as given by equation 
(4.2). Experimentally it has been found that the exponent is a little less 
than 3/2. In any event there is a stable intersection between the respective 
V I characteristics of the rectenna and the ion thrusters as shown in Figure 

The values of current at the operating points (where the lines intersect) may 
be found by equating the voltage characteristics of the microwave power system 
(as expressed in terms of the current and system constants) and the ion 
thrusters (likewise expressed). Similarly, the operating voltage can be found 
by equating the current characteristics for the microwave system and the ion 
thrusters. 

Referring to figure 4.11, it is seen that in the case of space charge limited 
amission in the ion thrusters, the intersection of the V-I characteristics of 
the rectenna and ion thrusters is determined by the total power output of the 
rectenna, P», and the multiplying factor Kk in the expression for current into 
the ion thrusters. Km may be interpreted as being proportional to the total 
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Figure 4-11 


The Interaction of the Power Delivered by the Rectenna 
with the Power Consumed by the Ion Thrusters is Shown 
Above. With Constant Microwave Power Input to the 
Rectenna, the Output DC Power Tends to be Constant Over a 
Wide Variation in Load Resistance, Leading to a Voltage 
Current Characteristic that Shows a Drop in Voltage with 
an Increase in Current. By Contrast the Voltage-Current 
Characteristic of the Ion thrusters Shows an Increase in 
Current with an Increase in Voltage. As a Result, the 
Overall System Automatically Adjusts Itself as Shown by 
the Intersections of the V-I Curves. The Throttle in t e 
System is the Intensity of the Microwave Beam which can 
be Controlled in the Earth-based Transmitter. 
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ion thruster grid area, so that it reflects the number of ion thrusters 
connected to the high voltage bus. If some ion thrusters are taken off the 
line, and the microwave power input is not changed, the voltage applied to the 
thrusters will increase somewhat. 

For the second distinct mode of operation, the mass flow of gas into the 
ionization chamber may be limited and in that case the V-I characteristic will 
be a horizontal line at a fixed value of current. However, the intersection 
of that line with the V-I characteristic of the rectenna will still represent 
a stable operating point. 

It will be noted in figure 4.11 that the throttle controlling the thruster 
propulsive output can be traced to the amount of power radiated from the 
Earth-based rectenna. The throttle can be adjusted to most efficiently propel 
the vehicle. Thus at low altitudes, where there is efficient flow of power 
from the Earth to the rectenna, the power into the rectenna can be increased 
to operate the ion thrusters at their maximum power or maximum voltage rating, 
similar to the operation of aircraft engines on takeoff. Both the total thrust 
as well as the specific impulse can be increased. As the OTV ascends to higher 
or kits the coupling efficiency decreases, ion thrusters may be taken off 
the line or operated with limited mass flow of propellant to preserve a high 
specific impulse. On the other hand, when the OTV approaches geostationary 
orbit and the flow of microwave power to the OTV is greatly reduced, it may be 
desirable to operate the thrusters at a relatively low specific impulse to 
increase the level of thrust. The control of the throttle will probably also 
be associated with the ratio of payload mass to the rest of the mass, etc. 

The flexibility of controlling the specific impulse of the thrusters nakes it 
possible through analysis and experience to optimize the performance of the 
LEO to GEO all-electronic transportation system for different payloads and 
missions, in much the same sense that it is possible to optimize airplane 
flights, say from the East coast to the West coast of the United States. 


4.4.3 Discussion of other dedicated power sources. 

Only a limited amount of effort to address this subject has been expended. 
However it is possible to make some general remarks. 

The present and probably the eventual source of electrons in the ion thruster 
that are used to ionize the gas is a low voltage filament requiring 
high current and low voltage. This can be provided by a dedicated section of 
the rectenna that is close to the ion thrusters to minimize the mass of the 
bussing to carry the high currents involved. However, as the microwave power 
reaching the rectennas of the OTV is substantially reduced, as is the case for 
the scenario discussed in section 3.6, there will not be enough power to keep 
the sources for ionizing the gas in all the ion thrusters active so that it 
will be necessary to removed ion thrusters from the line. However, such a 
tactic is consistent with also keeping the ion thruster bank as a whole 
operating at high efficiency and high specific impulse. 

The same procedure can be followed with respect to the power supply for the 
ionization chamber, and for the electron emitter to neutralize the positive 
charge on the gas atoms as they leave the thruster. 
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4.5 Interrelationship of Rectenna Size^. Mass of Bus *. Electrical 
Loss in Bus, and Structural Considerations 

The portraits of the OTV in figures 1.9 and Fig. 1.10 show that the electrical 
conductors used to transfer the rectenna output power to the electric 
thrusters are the major structural members of the OTV as well. Figure 4.9 
indicates how the power and current flow from the rectenna sections into the 
side conductors. 

It is intuitively recognized that as the area of the rectenna increases the 
difficulty of conducting the power to the ion thrusters increases 
disproportionately. It is further evident that there will have to be sane 
tradeoff between the mass of the conductors and the electrical or I 2 R losses 
in the conductors. It is also recognized that operation of the conductors (and 
the ion thrusters) at a high voltage will reduce the value of current and 
therefore the I 2 R losses in the conductors. Finally it is recognized that the 
electrical conductors most radiate any heat that is generated within them 
directly to space. This requirement suggests a high ratio of surface area to 
cross sectional area be pursued. 


The object of this section of the report is to quantitatively study the 
interrelationships of the size of the rectenna area, the DC power output 
density of the rectenna, the mass of the conductors, and the electrical loss 
in the busses. The details of this analysis is given in Appendix B. 

The conclusions of the analysis indicate that the electrical losses and mass 
of the busses is highly sensitive to the bus voltage and to the area of the 
array. The electrical loss is inversely proportional to the square of the bus 
voltage and proportional to the square of the power collected. Both depend 
upon a parameter 'V' which defines the cross sectional area of the bus and 
therefore both the mass and electrical losses of the bus. There is therefore a 
tradeoff between bus mass and bus loss. 

In general, it is found that the area of the rectenna and the power collected 
from it can be quite large before serious penalties in the form of bus mass 
and loss are encountered. For example with the system scenario of section 3.6, 
the bus loss is 5% of the rectenna power output if the bus mass is 5 % of the 
rectenna mass. A further insight into the relationship between size and losses 
and mass is given in Figure 12, where a higher bus voltage has been chosen and 
a rectenna mass 2.5 times that of the rectenna scenario in section 3.6. 


For the analysis, the following assumptions and reasons for the assumptions 
are made: 


o The current flow into the side conductors per unit length of the 
conductor is uniform. 


o The side conductors have a cross section that is vanishingly small at 
the outer edge of the rectenna but becomes linearly greater as the 
terminals to the ion thrusters are approached. 

Although it is not a priori evident that a linear increase 
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in cross sectional area is the most effective arrangement, it is 
evident that it is better than maintaining the same cross 
sectional area from both an electrical loss and structural point 
of view. It is simple to handle mathematically. 

o The rectenna area is square in shape. 

It is assumed that the ground based transmitter will be square in 
shape and that the cross section of the beam at the OTV will 
therefore be similar, although this is true only in LEO. The 
analysis is greatly simplified by this assumption . 

o The microwave illumination of the rectenna is uniform. 

This will be the approximate case only when the OTV is far 
removed from the Earth. Nevertheless, it is used because of the 
simplification of the analysis and also because it tends to be a 
"worst case" situation as far as the dissipation and sizing of 
the conductors are concerned. 

o Aluminum is used for the conductors. 

Although the analysis will be general with regard to the material 
used for the side conductors it is assumed that aluminum 
represents the best choice because of its good electrical 
conductivity, low density, and good mechanical properties. 

Figure 1 in Appendix B and the analysis there defines parameters that are 
listed below: 

y = width of the rectenna, meters 
x = distance along the length of conductor 
L = total length of the conductor 
I = current flow in the bus 
II = current flow at end of the conductor 
Pd = DC power output density of the rectenna w/m 2 
V = potential of the side conductors in volts. 

k = a parameter defining the conductor cross section kx at distance x 
6 = density of the material of the side conductors, 

e = conductivity of the material of the side conductors. 

(3 = ratio of I 2 R loss in both conductors to power output of rectenna 

itu = mass of rectenna per unit area kg/m? 
r» = ratio of mass of two conductors to rectenna mass 
Pb = Power dissipated in one side conductor 
Me = mass of one conductor 

The mathematical analysis has yielded several relationships. 

Pd 2 y 2 L 2 
2 k 6 V 2 

in which k can be found in terms of (3 
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Figure 4-12 


The Above Chart Provides Information with Respect to a 
Tradeoff between Bus Bar Electrical Loss and Bus Bar 
Mass, as a Function of Rectenna Area which is 
Proportional to Power Output. As an Example of Use of 
the Chart Assume a 50,000 Square Meter Rectenna. Project 
a Vertical Line from the Ordinate Value of 50,000 Square 
Meters. It Intersects the Power Output Line of 20 
Megawatts. It also intersects the p Curves. If the Bus 
Bar Loss is Limited to a p of 2% then the Horizontal 
Projection of the Intersection Shows that the Bus Bar 
Mass is About 1.3% of the Rectenna Mass. For a 2 °°/ 0 °0 
Square Meter Rectenna the Bus Bar Mass would Go Up to 
of the Rectenna Mass, etc. 
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BUS BAR MASS AS PERCENT OF RECTENNA MASS 




Pd y L 


k = - 

e 3 V 2 


k 6 L 2 

Me = - 

2 

Pd 6 L 2 

r„ = - 

€ (3 im V 2 

Figure 4.12 is a result of the analysis and indicates a tradeoff between the 
mass of the conductors and the power dissipated for the conditions of 
(1) the use of aluminun as the2 conductor material, (2) a DC power output 
density of 400 w/m 2 , (3) a rectenna specific mass of 2.5 kg/kW (a value 
2.5 times that assumed in the analysis), (4) am operating voltage of 2500 
volts ( a value greater than the 1500 volts assumed for system analysis) on 
the ion thruster, and (5) a conductor cross section which varies linearly with 
distance from the outboard edge of the rectenna. 

To use the figure to study tradeoffs between the mass of the conductors and 
the electrical losses in them, select a value of rectenna area on the 
abscissa and project this vertically to one of the lines denoted as 3. 3 is 
the ratio of power dissipated in the busses to the DC power output from the 
rectenna. As an example let 3 = 2%. Then project the intercept to the right 
hand scale of the graph and read off the ratio of bus bar mass to the mass of 
the rectenna, which is approximately 1.5%. 


4.6 Interaction of the Current in the Conductors With the Earth's 
Magnetic Field 

In low-Earth orbit the Earth’s magnetic field is of the order of 0.5 gauss or 
0.0005 Tesla. If the current in the bus bars from the rectenna is large and 
flowing at right angles to the Earth's magnetic field and the conductor is of 
considerable length, a significant force can be generated. The force that is 
generated in Newtons is 


N = BLI 

N = Force in Newtons 

B = Magnetic field in Tesla 

L = Length of the conductor, meters 

I = Average current flowing in the conductor. Amperes . 

In the vehicle scenario that has been chosen the conductors that collect the 
current from the rectenna are at right angles to the magnetic field of the 
Earth and are 224 meters long. The average current flowing in them is 4000 
Amperes. If the magnetic field is 0.5 gauss, the resultant force generated in 
each conductor is 44.8 Newtons. Because the current flow is reversed in the 
two conductors, the force will be away from the Earth for one conductor and 
will be toward the Earth for the other. Thus a strong mechanical couple 


81 



results which would rotate the vehicle around an axis whose direction 
coincides with that of the motion of the OTV. 

This force is very strong relative to the 740 Newtons generated by the full 
component of ion thrusters operating at 20 megawatts of input power and a 
specific inpulse of 4000 seconds. It is therefore not practical to counter 
this strong mechanical couple with ion thrusters. 

Fortunately, it is possible to eliminate the rotation forces caused by the 
flow of current in the side conductors by breaking up the collecting area into 
two areas in which the mechanical couples that are generated are in opposite 
directions so they cancel out. This is illustrated in the design of the OTV 
shown in Figure 1.10. In this design the current flow in the two outer 
conductors is in the same direction while the current flow in the center 
conductor is in the opposite direction. Hence two mechanical couples are 
generated with rotational forces in the opposite directions so they cancel 
out. 

However, to get complete cancellation it will be necessary to have the same 
current flowing in the two systems. Thus the microwave beam must be exactly 
centered on the vehicle in the North-South direction. In fact, the difference 
in the flow of current in the two conductors may be used to monitor the 
centering of the microwave beam. 

It is of interest that as long as there is no rotation of the vehicle there is 
no back emf generated. 
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5.0 THE EARTH BASED TRANSMITTER 

The Earth based transmitter is defined to include the radiating antenna, all 
phases of generating the microwave power with the exception of the DC power 
supplies for the microwave generator, and a guidance of the microwave beam to 
track the interorbital transfer vehicle. Any discussion of the guidance of the 
microwave beam will include sensors that are put aboard the OTV to be certain 
the beam is centered on the vehicle. 

With this definition the following requirements are placed upon the 
transmitter: 

1. It must emit a sufficiently narrow beam to transmit power with 
acceptable efficiency to the interorbital vehicle. 

2. The beam must be electronically steerable in the West to East 
direction along the equator over an angle approximating 90 . 

3. The beam must track the interorbital vehicle with high accuracy. 

4. The transmitted beam should have relatively low side lobes. 

5. The efficiency of the transmitter should be high 

6. The cost of the transmitter must be acceptable. 

7. The random noise and harmonic content of the generated microwave power 
must be very low. 

A transmitter has been designed to meet this set of requirements. Its design 
is discussed under the following sub topics. 

5.1 The overall design of the transmitting antenna. 

5.2 The design of the electronic steering and tracking system. 

5.3 The design of the radiation module 

5.4 Interaction of the transmitter with other uses of the electromagnetic 
spectrum. 

There are a number of assumption that are made a priori to the design of the 
transmitter. These are: 

1. The frequency used will be 2.45 GHz, free from any modulation. 

2. The transmitter is placed on the equator. 

3. A total of 90 degrees of electronic steering is required in the 
direction along the Equator, but only a small fraction of a degree is 
required in the North to South direction. 

4. The maximum range required for the beam is to geostationary orbit. 
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5. The factor of cost is of major concern and this has been of central 
concern since the onset of the study. Approaches to minimize the cost 
will be discussed under each sub topic. 


5.1 The Overal1 Design of the Antenna. 


The striking feature about the transmitting antenna is its size. 

In the scenario that we have selected it is two million square kilometers. 
Although an optimization of the design of the overall system might indicate 
another value, it is believed that it will still be a large transmitter and 
that the same principles of design will apply. 

This large size places great pressure upon arriving at a design that will hold 
costs to a minimum. Consequently, the design is based upon using a very large 
nunber- perhaps as many as two million- of identical sub arrays or radiation 
modules, each of which consists of a long section (approximately 5 meters) of 
slotted waveguide radiator (only one waveguide wide) and a phase locked source 
of microwave power for each module. Such repetitive manufacturing should 
reduce the cost of the subarrays to a very low figure, if the components of 
the module are also low in cost. This will be shown to be the case in section 
5.3. 

A layout of the transmitting antenna is shown in figure 5.1. The swept 
footprint of the beam formed by this antenna is shown in figure 5.2. 

A feature of the construction of the antenna is the low cost method of 
constructing the slotted waveguide radiators. As suggested by the figure, the 
low cost approach features the use of relatively thin aluminum metal (0.08 am) 
which is folded up to represent three sides of a waveguide with welded-on 
slotted plate to became the 4th side of the waveguide. This method has been 
well worked out and experimentally checked for use in a ground based array 
with steering capability over a limited angle of scan in all directions. 

Figure 5.3 illustrates the method of fabrication. Figure 5.4 shows a section 
that was fabricated, and Figure 5.5 shows its nearly theoretical antenna 
pattern (36). 

The method of fabrication lends itself to making up several long sections of 
slotted waveguide array, each section representing the slotted array portion 
of a radiating module, as shown in Figure 5.1. One of the advantages of this 
method of fabrication is that the dimension of the waveguide can be held to 
high accuracy which is essential when constructing the proposed five meter 
length of the slotted wave guide module. 

With the cost of the tooling, estimated to be no more than one million 
dollars, spread out over two million modules, and the labor cost largely 
eliminated by the automatic fabrication, it is evident that the major cost 
will be the material itself. The amount of aluminum for the two million square 
meter array has been estimated to be 9,000,000 kilograms or 4.5 kilograms for 
each of the 2,000,000 radiation modules. As of January 1992 this mass of 
aluminum represents an aluminum ingot cost of $12,000,000, or $6.0 for each of 
the radiation modules. 
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PHYSICAL FORMAT FOR ELECTRONICALLY STEERABLE PHASED ARRAY ANTENKA 



umss 


Figure 5-1. Layout of Earth-Based Transmitter Showing Folded Slotted 
Waveguide Formed from Thin Sheet Aluminum. Each 
Radiation Module is a Slotted Waveguide Several Meters 
Long. 


ELECTRONICALLY SCANNED FOOTPRINT OF ACTIVE PHASED ARRAY 
CONSTRUCTED FROM LOW COST NICROWAVE TECHNOLOGY 


Z 



Figure 5-2. The Electronically Scanning Beam Generated by the 
Transmitter of Figure 5-2 can Sweep as Much as 120 
Degrees in the West to East Direction. Scan is Severely 
Restricted in North-South Direction but the Application 
does not Require it. 
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Figure 5-3. Proposed method for Precision Forming and Assembly of 

Low-Cost, Thin-Wall, Slotted Waveguide Arrays. Method, 
Modified to Use Temporary Forming Tools, was Used 
Successfully to Fabricate 64 Slot Arrays in Square Format 
that Performed Well on Test Range. Same Method Could be 
Used to Fabricate Long Slender Modules for LEO to GEO 
Transmitter as Shown in Figure 5-1. 



Figure 5-4. Radiation Module Composed of a Slotted Waveguide Antenna 
and a Phase-Locked, Magnetron Directional Amplifier. 
Radiated Power Output of About 600 Watts. 
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The design of the electronic steering and tracking system, including 
beam steering. beam focussing, bore sighting and use of the beam for 
controlling OTV attitude and positioning of the OTV in the eguatorial 
plane. 

There are several aspects of the system that is used to generate and steer the 
microwave beam. The same system can be used to refocus the microwave beam 
which may be desirable when there is a short distance between the Earth based 
transmitter and the OTV. The beam can also be used to supply attitude 
references ( roll, pitch, and yaw) and North-South positioning reference to 
the OTV. These will be discussed under separate headings. 

5.2.1 Beam steering. 

The microwave beam is steered to and kept focussed upon the rectenna on the 
LEO to GEO vehicle by means of two guidance principles as shown in Figure 5.6 
and discussed in reference (36). First, in an open loop type of tracking, two 
microwave interferometers or monopulse receivers, revolving about an X and Y 
axis, respectively, keep themselves pointed as accurately as possible on the 
microwave beacon installed in the center of the rectenna. This is an open 
loop system and therefore incapable in itself to accurately center itself on 
the rectenna under all meteorological conditions. 

The second guidance principle closes the guidance loop by putting sensors an 
the rectenna. There are two approaches. One approach is to put two pairs of 
amplitude sensors on the rectenna- one pair at the rectenna extremities in the 
West to East direction and one pair at the rectenna extremities in the North 
to South direction. If the individual sensors in each pair do not sense 
equal amplitudes, the difference is used as an error signal and relayed to the 
microprocessor in the transmitter on the ground where is used to repoint the 
beam. 

The other method would be to divide the rectenna into quadrants and monitor 
the power in each quadrant. For monitoring the beam centering in the West- 
E^t direction the sun of the power from the West quadrants would be balanced 
against the sun of the power frcm the two East Quadrants, while for monitoring 
the beam in the North-South direction the sum of the power from the two North 
quadrants would be compared with the sun of the power from the two South 
quadrants. The latter arrangement would be the most sensitive. 

At the ground station the information received from the tracking 
interferometers and the amplitude sensor on the rectenna are fed to a computer 
that generates two sets of digitized signals that are sent out along the X 
and Y axes and then distributed from there to each of the multitude of 
radiating modules as shown in Figure 5.7. It is known how far each module is 
physically and therefore number of wavelengths from the X and Y axes and 
therefore the digitized signal input can be multiplied appropriately 
to update the phase of the microwave power it is radiating. Almost all of 
this updating will involve steering in the West-East direction. It is planned 
to update the digitized signal for every 10 meters in the shift of the 
position of the satellite. Since the satellite will have an orbital velocity 
of as high as 7700 meters per second, the update would occur 770 times a 
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BEAMED RF POWER TECHNOLOGY 

8-SLOT x 8-STICK SLOTTED WAVEGUIDE ANTENNA 



Figure 5-5. 


Radiation Module Shown in Figure 5-4 had Nearly the 
Theoretically Predicted Radiation Pattern. 


BEACON FOR GROUND TRACK 


SATELLITE TRA CK 



SHAPE OF POWER BEAM 
(APPROXIMATELY) 


SCAN NING FOOTPRINT 1/2 0 x 90 0 
OF GR OUND BASED TRANSMITTE R 

TWO AXIS INTERFEROMETER 
TO TRACK SATELLITE BEACON 


GI2 J556 


Figure 5-6. 


Beam Steering Technology that Keeps Beam Precisely on the 
Orbital Transfer Vehicle with Aid of (1) a Beacon in 
Space Vehicle which is Tracked by Interferometers on the 
Earth Coupled to the Beam Steering System, and (2) Sets 
of Amplitude Sensors which Send Error Signals to Earth if 
Beam is Not Precisely on Target. 
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second. 


The digitized signal that is fed to the radiating modules will have to have a 
high resolution. The accumulated phase shift of the peripheral radiation 
modules as the beam is steered from zero to a 45 degree inclination is of 
the order of 2,000,000 electrical degrees and if the output phase is to be 
held within 20 electrical degrees fran that value, the resolution . e . 11 

signal fed to the peripheral modules must be one part in 100,000. This will 
require a 17 bit signal to be generated by the central processor. 


5.2.2 The reference phase for each module, and the associated bor e 
sighting of the array. 

The digitized signal sent out to all of the radiation modules needs a 
reference phase at each radiation module to interact with. This reference 
phase is the same throughout all of the radiation nodules and is distributed 
to them through a waveguide or coaxial bus. The digitized signal sent out 
from the central processor through the row and colum matrix interacts with 
this reference signal by means of a phase shifter which adds up to 180 degrees 
phase shift to the reference phase or, conversely, subtracts up to 180 
degrees from the reference phase. 

As indicated the phase reference is sent out through a waveguide or coaxial 
cable to each of the radiation modules . The reference signal is adjusted by a 
phase shifting device at each module to a multiple of 360 degrees by me 3113 of 
a laser beam that is sent out from a fixed location at the center °£tn® 
array. The laser beam is modulated at the 2.45 GHz frequency (36). The laser 
beam is reflected from a mirror placed above the center of the radiation 
module and the returned phase compared with the outgoing phase. At the same 
time the phase of the reference signal is ccrpared with the phase ot the 
modulated laser beam at the radiation module. The phase shifter in cascade 
with the distributed reference signal is then adjusted for zero phase 
difference between it and the modulated laser beam, taking into consideration 
one half of the phase difference between the outgoing modulated laser beam and 
the returning one. The latter information is telemetered to the location of 
the radiation module from the center of the antenna array. 


This procedure is equivalent to boresighting the array when it is pointed 
toward the zenith. It is also equivalent to radiating the beam with a flat 
phase front on it so that it is focussed at infinity. However the 
boresighting procedure could proceed on a more sophisticated level and 
provide the reference for a slightly spherically shaped beam which is required 
for the maximum aperture to aperture beam efficiency. , 


A schematic for the use of the laser beam in the above context is shown in 
Figure 5.8. 

It is obvious that some highly automated procedure must be used to bore sight 
the 2,000,000 radiation modules. It is premature to discuss this, but it 
would be possible to have a mirror permanently installed for each of the 
2 000,000 modules. Each module would have a code number giving its row and 
colurrn position, and the laser beam would be programed to point to each of the 
module mirrors upon command of the software. 
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Figure 5-8. Arrangement for Boresighting the Transmitting Antenna to 
Zenith Position. Illustration Shows (1) Distribution of 
Microwave Frequency to Each Radiating Module, and (2) 
Arrangement for Use of Laser Beam, Modulated with 
Microwave Frequency, to be Used as a Reference Phase and 
to Set the Phase at Some Integral Multiple of 2 jc at Each 
Radiating Module. 





5.2.3 Control of the focussing of the beam and conpensatiq n |or ggse 
shift in the reference phase system caused by a chang e ±3± £s- 
phvsical length of the system caused by temperatur e or other 

change. 

As indicated in Figure 5.7, the digitized signal that is sent out to the 
radiation modules Sin also be used for a first order correction for expansion 
of the reference control system caused by a temperature change fj d tochange 
the radius of the spherical phase front. The latter control could be adjusted 
in real time so that the total power reaching the OTV is maximized. Th 
details of how this is done is given in reference 36. 

5.2.4 Use of the microwave beam as an attitu de (rol^ pit g h 
- ^trel reference for the OTV and also to positio n the OTV in the 

eguatorial plane. 

A microwave beam can be used as a precise reference for six 

degrees of freedom available to an object in space (37). This is shownin 
Figure 5.9. The phase front of the beam provides a reference for roll and 
pitch. The polarization of the beam provides a reference for yaw. And the 
change in the intensity of the beam with angle off boresight provides a 
reference for position in the plane. 

The use of a microwave beam to provide these references was successfully 
demonstrated with the use of a helicopter that was kept over a microwave beam 
in precise position and whose attitude position was at right.angles to the 
beam (37,17)- The sensors on this helicopter are identified in Figur 

These same sensors could be applied directly to the OTV. pitch 

sensors could be activated only when the OTV is directly over the 

transmitting antenna. The yaw sensor could be used at. i^he^est to 

to positioning the OTV, the microwave beam is slaved to the OTV in the West to 
^ direction, but it would be logical to slave the OTV to the mcrowaye beam 
in the North -South direction and thereby keep it precisely in the equatona 

plane. 

The forces necessary to change the attitude and position of the OTV can be 
obtained from electric thrusters. If there were no external forces at vrark to 
change position or attitude the work required from the thrusters 
minimal. However, the current collecting busses can react with the Earth s 
magnetic field to produce pitch or roll unless 

completely neutralize these forces. The possibility of doing this was 
discussed under section 4.6. 
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Figure 5-9. General Configuration of the Five Sensor Elements Used 
with a Microwave Beam as an Attitude and Position 
Reference for Roll, Pitch, yaw, and x and y translation. 
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5.3 The Design of the Radiation Module. 

A schematic of the radiation module is shown in figure 5.11. It consists of 
three parts. One part is the antenna portion, or slotted waveguide array which 
has already been discussed. The second part is a proposed monolithic 
integrated circuit which contains (1) a phase shifter which responds to the 
digitized phase control signal from the central microprocessor, (2) a high 
gain low signal level amplifier to drive the power amplifier. This monolithic 
component is a straightforward application of the technology now being used 
and when made in the large quantities expected its cost should be very low. 
The third part is the phase locked high gain amplifier. This latter portion 
is the unique portion of the radiation module. It is not so well known or 
established but from the cost and performance point of view it is the critical 
element in the radiation module. It will therefore be discussed in 
considerable detail (35,38,39). 

5.3.1 The requirements placed on the power amplifier■ 


O The output phase of the amplifier must be locked to the input phase 
obtained from the driver. By this is meant that if the input phase is 
say 10 degrees from the master phase reference, the output phase of the 
amplifier must be very close to 10 degrees from the master reference. 

In other words the output phase must be some integral multiple of 360 
degrees from the input driver phase (39). 

o The power amplifier should have high power gain to couple to the 
necessarily low power output level of the monolith integrated circuit 
driver. 

O It should be possible to control the amplitude of the microwave output 
over a large range with a minimum of efficiency loss. . This is 
desirable for two reasons. First, the illumination intensity over the 
transmitter should be tapered from the middle to the edges to reduce 
the radiated side lobes. Second, the adjustment of the output power 
level should be independent of the status of the power bus which 
presumably would service many radiation modules. 

o The power amplifier should have very high efficiency. 

o The power amplifier should be very low in cost. 

o The radiated spurious noise and harmonics should be very low 

o The power amplifier should have a very long life. 

o The power amplifier must have a power level that matches the design 
power level to be radiated from the slotted waveguide section of the 
radiation module. 

5.3.2 The phase locked magnetron directional amplifier as a low cogt 

approach to meeting the requirements of the power amplifier in the 
radiation module. 
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Figure 5-10. Array of Sensors Described in Figure 5-9 as Applied to 
the Attitude and Position Control of a Helicopter as 
Shown in Figure 1-7. Sensors are Arrayed on Bottom Side 
of Helicopter. 


ANATOMY OF RADIATION 
MODULE WITH PHASE LOCKED LOOP 



I_ 


Figure 5-11. Schematic Circuit for a Radiation Module Consisting of 
the Slotted Waveguide Antenna and a Phase-Locked, High- 
Gain (30 dB) Magnetron Directional Amplifier. 
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It is a remarkable coincidence that the very low cost and highly available 
common microwave oven magnetron, when fitted with external circuitry, 
potentially meets all of these requirements. Following are the properties and 
characteristics of the microwave oven magnetron: 


Electrical characteristics without external circuitry 


Frequency 
CW power output 
Efficiency 
Operating voltage 
Operating current 
Filament power, start 
Filament power, run 
Random noise outside 
2.4 to 2.5 GHz band 
Harmonic level unfil¬ 
tered 
Life 


2.45 GHz centered in 2.4-2.5 ISM band 
100 to 1000 watts 
65% to 70% 

3.5 kilovolts 
50 to 400 milliarrperes 
30 to 40 watts 

0 (at 200 to 1000 watts output) 
spectral noise (in 1 HZ bandwidth) 

170 db below the carrier. 

70 db. below carrier 

10 years projected at 300 watts output 


Additional electrical characteristics with added external circuitry 


Gain 

Amplifier bandwidth 
with full efficiency 
Phase locking between 
input and output 
Output Amplitude range 
with elec, control 


30 db 
15 MHz 

Within 10 degrees 
200 to 1000 watts 


Mechanical characteristics 

Form factor 

Mass 

Cooling 

Packaging 

Output connection 


See figure 5.12 
Less than 1 kilogram 
Air 

Fully packaged with integral magnets 
Antenna probe for waveguide 


The magnetron with external circuity is known to meet all of the requirements 
for the Earth based transmitter simultaneously with the exception of 
simultaneously meeting the three requirements of high gain, amplitude control 
of the output, and phase 1ocking of the output to the input. The key phrase 
here is "simultaneously meeting three requirements because simultaneous phase 
locking and amplitude control has been demonstrated (25), as has simultaneous 
operation at high gain with phase locking (39,40). However, it appears that 
all three of the requirements can be achieved simultaneously if phase locking 
is achieved by varying the reactive load on the output of the magnetron rather 
than by changing the input current to the magnetron as was the procedure to 
achieve high gain with phase locking. The latter procedure, of course, changes 
the power output of the magnetron, and is inconsistent with the need for 
independent anplitude control. 


To properly understand the issues involved it is desirable to review just how 
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the magnetron is used as an amplifier and how high gain is related to the 
phase shift between the input and output of the amplifier. 

^ the first place the magnetron, which is a single port device and normally 
runs as an oscillator with the frequency being determined by its internal 
characteristics and the reactance of the load into which it operates, can be 
converted into an amplifier with the use of an external passive directional 
device. The simplest such external device is the ferrite circulator. The 
circuit relationship between the magnetron and the circulator is shown in 
figure 5.11. In various papers and references this arrangement is referred to 
as a magnetron directional amplifier and this phrase will be used throughout 
the subsequent discussion. 

The phase shift between the input and the output of the magnetron directional 
amplifier is given by the following expression . 

(f-fo)Q» 

0 = sin-i- ( 1 ) 

f Vpi/Tpo 

where 0 = phase shift between input and output of amplifier 
f - free running frequency of the magnetron 
fo= frequency of the driver 
Q*= external Q of the magnetron 
Pi= power input from the driver 
Po= power out of the directional amplifier. 

From expression (1) it is seen that if the argument of the inverse sine 
reaches either a ratio of 1 or -1, the phase shift reaches +90° or -90° and 
that is the end of the range over which the input drive will control the 
frequency of the output of the amplifier. 

However, from expression 1 it can be seen that if f-f 0 is made to go to 0 , 
then the phase shift between output and input will also go to 0. Meanwhile 
there can be a high ratio of power output to power input, so the device can 
have high gain. 

To make f equal to f 0 it will be necessary to change the free running 
frequency of the magnetron in seme way. This can be done in two ways. One of 
these ways is to change the reactance of the external load. The other is to 
use the frequency change caused by changing the current into the tube. In 
either case the error signal that is used to produce the frequency change is 
obtained from a phase comparator that compares the phase of the output of the 
magnetron directional amplifier with the phase of the input drive. In one 
case, as shown in Figure_5.11, this error signal is used to change the current 
in a buck boost coil that in turn changes the current that flows into the 
tube that in turn changes the free running frequency of the magnetron to 
match that of the driver. The installation of such a small buck boost coil on 
the tube is shown in Figure 5.12. This approach has been used experimentally 
and much pertinent data has been obtained. 

In the other case, that of changing the reactance of the external load, it 
appears that their is no ccmpletely electrical way to do this ( such as the 
use of an electron tube or solid state device ) that is satisfactory and that 
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Figure 5-12. Conventional Microwave Oven Magnetron Fitted with a Small 
Buck-Boost Magnetic Coil to Increase or Decrease the 
Value of the Magnetic Field. This Coil Addition can be 
Used Either to Precisely Control the Power Output of the 
Magnetron, Even if it is Connected to a Common Power 
Supply with Many Other Magnetrons, or in Combination with 
a Ferrite Circulator to Convert the Magnetron into a 
Phase-Locked, High-Gain Amplifier. 
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Fig 8 A DIFFERENCE BETWEEN FREQUENCY OF DRIVE A AND FREE RUNNING 
FREQUENCY OF MAGNETRON FOR THE CONVENTIONAL FREQUENCY 
LOCKED MAGNETRON DIRECTIONAL AMPLIFIER 


B CHANGE IN DRIVE FREQUENCY FOR PHASE LOCKED MAGNETRON 
DIRECTIONAL AMPLIFIER IN WHICH MAGNETRON FREE RUNNING 
FREQUENCY IS TUNED TO THE FREQUENCY OF THE DRIVER 


Figure 5-13. A Comparison, or Contrast, of the Phase Versus Drive 

Frequency Behavior of a Magnetron Directional Amplifier 
in (1) the Conventional Locked Mode which is 
Characterized with Much Phase Shift Over a Small Change 
in Drive Frequency, and (2) the Much Preferred Phase- 
Locked, High-Gain Mode in which the Input Phase is 
Compared with the Output Phase and the Error Signal Used 
to Tune the Free-Running Frequency of the Magnetron to 
the Drive Frequency. 
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the use of some mechanical motion such as a screw tuner will be necessary. 
However, because movement of the tuner would be required only infrequent 1 y in 
most application, this would probably be a very satisfactory approach to 
reactance tuning. 

Although the electrical energy consumption for either of the approaches to 
change the free running frequency of the magnetron will be low, it is noted 
that the flow of energy is continuous in the case of the use of the buck-boost 
coil, while the reactance change in the external circuit would require 
electric motor drive and therefore power consumption only infrequently. 

Either of these two approaches will give the same degree of control of 
matching the output phase to the input phase. Experimentally, however, only 
the buck boost coil approach has been used to obtain data. The preliminary 
data as shown in Figure 5.13 indicates that a high degree of phase control can 
be obtained over a relatively wide range of driving frequency. In the real 
application being considered, the drive frequency would remain fixed while 
other parameters changing the free running frequency of the tube would be the 
variable. Some of these changing parameters would be a change in the 
dimensions of the tube because of a change in operating temperature, changes 
occurring with life, a change in the impedance of the rf load, and changes 
occurring in the magnetic field produced by the permanent magnets. Relatively 
small changes in the current flow in the buckboost coil and in the flow of 
current into the magnetron would compensate for all of these changes except 
for a large change in the reactance loading on the tube. Once the 
relationship between the magnetron directional amplifier and the antenna has 
been established, however, there should be no change in the reactive load but 
if there were a 4 port circulator can be used to eliminate these variations in 
reactive loading to the magnetron. 

5,3.3 The use of the buckboost coil for controlling the amplitude of 
the power output. 

For a number of reasons it would be desirable to control the amplitude of the 
power output of each radiation module. This could be done by having a current 
regulated power supply for each radiation module, or it could be done with 
the use of a buck-boost coil, operating in conjunction with a stiff power bus. 
The assumption is made, a priori, that the use of the buck boost coil is a 
more efficient and more cost effective way to achieve a variation in power 
output. 

The relationship between the stiff power buss (negligible voltage shift with a 
change of current into an isolated radiation module), the magnetic field 
across the magnetron, and the current drawn through the magnetron from the 
power supply is shown in Figure 5.14. For all practical purposes the current 
voltage relationship in the microwave oven magnetron for any value of magnetic 
field is a horizontal line. If the magnetic field is changed then the position 
of the horizontal line is shifted up or down, giving control of the anode 
current in the presence of a fixed applied voltage to the magnetron. 

Therefore the current drawn through the magnetron is highly sensitive to both 
the applied bus voltage and the magnetic field. Because of the flatness of 
the current voltage characteristic, it become necessary to introduce a small 
dropping resistance between the stiff power bus and the magnetron. Typically 
this is 200 ohms so that with 0.2 amps of current into the magnetron, a total 
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Figure 5-14. The Interaction of a Change in the Power Supply Voltage 
with the Flat Voltage Current Characteristic of the 
Magnetron is Shown. A Change in Magnetic Field 
Occasioned by the Buck Boost Coil will Shift the Flat 
Voltage Current Characteristic of the Magnetron Up and 
Down, and thus will Compensate for Changes in the Power 
Supply Voltage to Keep the Power Output Constant. The 
Buck Boost Coil can be Part of a Feedback Loop in which 
the Power Output of the Magnetron is Compared to the 
Desired Value and the Error Signal Used to Change the 
Current through the Buck Boost Coil to Provide the Type 
of Data Given in Figure 5-15. J 
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Figure 5-15 . 


The Results of Applying an Error Signal to the Buck Boost 
Coil to Keep the Power Output Constant Over a Wide Range 
of Voltage Applied to the Magnetron is Shown. For 
Example, if the Reference Power Output is Set at 700 
Watts then the Experimental Data Obtained from the. 
Control Circuit Indicates that the Power is Maintained 
between 687 and 716 Watts While the Power Supply Voltage 
is Varied Between 3400 and 4500 Volts. 
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of 8 watts would be dissipated. In addition, an the average, about 5 watts 
would be taken from the 12 volt power supply for the control system that 
supplies current to the buck boost coil. As a result, the power conditioning 
is done at the cost of about 13 watts of power. This represents about 2% of 
the DC power input into the magnetron itself, so that the power conditioning 
system is 98% efficient. 

The cost of such a power condition system is very low. A magnetron supplier 
has estimated that the additional cost of making and inserting the buck boost 
coil on a magnetron in production would be about 50 cents. It is estimated 
that the control circuitry to control the input to the buck-boost coil would 
be no more than two dollars. 

The control of the amplitude of the power output is accanrplished by sampling 
the microwave power output through a probe, rectifying it to a DC voltage and 
comparing that with a reference voltage which is the controlling parameter. 
The error signal in this comparator is then sent to the DC amplifier 
that controls the current flow through the buck -boost coil. The amplitude 
control system has been analyzed in reference 25. The effectiveness of such a 
system is shown in Figure 5.15, where the data is explained in the caption. 


5.3.4 Estimated cost of radiation module in volume production. 

Following is as an estimate by the author as to the total cost of a radiation 
module and the breakdown of that cost by the principal components within. 


Slotted waveguide array-$15.00 

Magnetron with buck boost coil-$14.00 

High gain microwave monolithic integrated circuit with-$20.00 

low power level phase shifter 

4 Port circulator (integrated into magnetron package) -15.00 

Motorized reactance insertion (for tuning magnetron)-$10.00 

Phase detector, control circuit, and DC amplifier-$10.00 

Amplitude comparator, control circuit, and dc amplifier—$10.00 

Cooling fan-$4.00 

DC power supply (+ and - 12 v) for DC amplifiers )-$8.00 

Assembly and testing-$20.00 


$126.00 

Contingency- $7 4 . oo 


Total Cost-$200.00 


This cost is believed to be very conservative. Aside from the magnetron and 
the 4 port circulator, there are no microwave power components. The rest of 
the module consists of components which can largely be integrated together. 


5;4. Interaction of the microwave beam with other uses of the electromagnetic 
spectrum. 

The major use of the radio frequency spectrum with which the LEO to GEO 
transportation system might interfere is with communication services, 
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particularly satellite comnnunication services. Would it interfere with them? 
This question cannot be easily answered, but the interference between a 
comparable microwave beam and conmunication satellites was studied and 
reported upon extensively during the 1977-to-1981 DOE/NASA study of the 
Satellite Power System in which a similar but higher power microwave beam was 
used to transfer several gigawatts of electrical power from geostationary 
orbit to Earth. The following quote is taken from the abstract of that study: 
"Mitigation techniques for SPS effects are examined and recommendations are 
made which would allow satellites to operate satisfactorily in an SPS 
environment" (12,24). 

. Although it would be premature to assume that interference could be avoided 
between communication satellites and the microwave beam system proposed for 
the LEO to GEO transportation system, it may be informative to discuss some of 
the problems and the mitigating approaches that might be used in the event of 
interference. It should be noted that some of the problems perceived with 
today's technology and practices may be diminished in the future. For example, 
it is expected that by the time the proposed all-electronic LEO to GEO 
transportation system would be fully activated the bulk of the traffic in 
conmunication satellites will have shifted to much higher frequencies where 
the interference problem will be enormously reduced. And in anticipation of 
the improved transportation system, many steps could be taken to reduce or 
eliminate the interference problem. 

First, in discussing the interference problem, it is assumed that all the 
Earth based microwave beams will be at one frequency that will not be shifted 
or intentionally modulated in any way. This simplifies the situation 
immensely and allows the use of narrow band-stop filters in the satellite 
receiver, as well as the use of phased locked loops to feed back out-of-phase 
energy to cancel power picked up at the beamed power frequency (41). 

There are other less technically involved strategies. In the event that the 
illumination intensity which will be at the maximum about 500 watts per square 
meter proves to be too much for some satellite service, the microwave power 
beam can be either momentarily shut off or electronically steered away from an 
impending encounter with a satellite. The microwave beam will be so narrow 
that the transit time across the beam for most satellite encounters will be 
for only a few milliseconds, allowing the interorbital vehicle to proceed 
unaffected if there is a minimal amount of energy storage carried aboard. 

Another major area of interference concern are the harmonics and spurious 
signals generated in the transmitter and in the rectenna receiver. In the case 
of the transmitter composed of many radiation modules in which the microwave 
oven magnetron is the phase locked generator, it has been found and documented 
in reports that the microwave oven magnetron when operated on a well filtered 
power supply, and with the normal input power to the filament removed so that 
the tube operates with an internal feedback mechanism to provide just the 
right amount of electronic backbombardment power to keep the cathode at the 
proper emission temperature, the spurious noise is at a very low level. 

During the DOE/NASA study of the SPS, special sensitive noise measuring 
equipment was made to permit making noise measurements within the guard band 
of plus and minus 50 megahertz around the center frequency of 2.45 GHz (25). 

The sensitivity of this equipment made it possible to measure the spectral 
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noise density (noise in a one hertz bandwidth) from a magnetron directional 
amplifier that incorporated the microwave oven magnetron that was 190 db below 
the carrier at a frequency removed from the carrier by 10 MHz. In the context 
of a solar power satellite that was generating an 8 gigawatt beam, such a low 
noise level is translated into a total radiated power of 3 x 10~ 6 watts in a 4 
KHz bandwidth. After taking the gain of the 0.3 m? radiating module and the 
distance to the Earth into account there was a 60 db safety factor in meeting 
the CCIR requirements of -154 DBW/M 2 /4 KHz at the Earth's surface. 

These noise measurements were made on microwave oven magnetron manufactured 
during the late 1970's, and such low noise levels may not be characteristic of 
the microwave oven magnetrons available today and some investigation may be 
needed as to the design characteristics that will insure such low noise 
levels. However, it is of interest that on the specific magnetrons used for 
the noise measurements there was no attempt made to optimize the design for 
low noise, so that an optimizing procedure may result in magnetrons of even 
lower spurious noise level. 

The harmonic level from magnetrons is characteristically much lower than for 
other power generators such as klystrons. When harmonic noise measurements 
were made directly at the output of the magnetron it was found that the levels 
were characteristically 70 to 90 db below the carrier for 2nd, 3d, and 4th 
harmonics. (29). Data taken by JPL on reduction in measured gain for the 
harmonics caused by the slotted waveguide array that would be used in the 
transmitting antenna introduces another 50 db. for these same harmonics. In 
addition, of course, harmonic filters could be placed in the output of the 
magnetron to reduce the level even further. It is therefore likely, that with 
reasonable mitigation techniques that the harmonic levels of the transmitter 
could be held to the necessary level to avoid interference problems. 

Finally, the rectenna with its rectification function could be a rich source 
of harmonics that could be reradiated from the rectenna. However, a recently 
developed format for a rectenna designed for use on a satellite confined to 
the equatorial plane can reduce the reradiation of harmonics to a negligible 
level, with the insertion loss for the filtering being offset by the increased 
efficiency gained by operating the diodes at a higher power level in the 
proposed format. It is expected therefore that an overall efficiency of 
greater than 80% from the rectenna can be obtained.(7). This new design is 
discussed in section 6.0 of this report. 
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6.0 An Alternative Rectenna Design 
6.1 Introduction 
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Figure 6 
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The general schematic of the 48 dipole broadside antenna, filter, 
impedance transforming and rectifier circuits is shown in Figure 6.2. The 
impedance level of each dipole receptor is of the order of 120 ohms but the 
dipole elements and interconnecting transmission lines are combined in series 
and parallel arrangements to present a 40 ohm output impedance, close enough 
to match well into a standard 50 ohm impedance circuit. 


6.2.2 The impedance changing and rectification cartridge 

Figure 6.3 shows a view of two impedance changing and rectification cartridges 
with their external shields removed. Both cartridges employ the same 
microwave circuits but the top one in the photograph has been refined 
mechanically and also makes provision for the changing of the diode rectifier 
without the need for a soldering operation. This circuit, in association with 
the antenna is represented in the simplified schematic of figure 6.4. 

The impedance transformer in the cartridge steps up the impedance level from 
the input level of Za = 50 ohms to an output impedance of 2500 ohms, or a 
factor of 50 in impedance. In addition the half wave rectifier circuit gives 
an additional effective step up of 2 so that the value of the DC load 
resistance is 5000 ohms. This was the value of the load specified as an 
objective of the development. The result of the impedance transformation is a 
step up in voltage by a factor of ten. The impedance transformation is made 
with the use of a simple balanced quarter-wavelength section of transmission 
line with a characteristic impedance of 350 ohms. 

Figure 6.5 shows the performance of the impedance changing and rectifying 
cartridge in terms of overall efficiency as a function of DC load resistance, 

R , and the output power level in milliwatts. A typical power output of 
cartridge is 10 milliwatts which compares with typical output from a single 
standard rectenna element in traditional format of from 1 to 10 watts. 

Moreover, the cartridge receives the power from 48 dipoles so each dipole is 
operating at the 2x 10-4 watt level, or lower by a factor of 10,000 than 
the standard rectenna element. 

In the context of impedance changing with the quarter-wavelenth section 
of transmission line it should be noted that the impedance may be stepped down 
as well as up and that this may be desirable for applications in which the 
diode rectifier may be handling ten or more watts of power. 

6.2.3 Harmonic filter design and experimental evaluation. 

Historically , a general problem of the rectenna has been the radiation 
of harmonic power. Harmonic power is radiated both by the dipole antennas 
and the rectifier circuit itself unless it is well shielded. This study 
provided the opportunity to design and evaluate a low-pass filter with 
very low loss at the operating frequency of 2.45 GHz but very high loss at the 
harmonic frequencies. More specifically, as a result of the development effort 
on an eight section low pass filter , we are able to report a loss of 1.13% or 
0.049db per filter section at 2370 MHz and 13.1 db at the second harmonic 
frequency. The resultant ratio of second harmonic loss to loss at the 
fundamental frequency, 2370 MHz, is 1805. 
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3. The impedance transformation and rectification cartridge. The 
circuit schematic for these cartridges is shown in Figure 6-4 
and the performance chart in terms of DC power output and 
efficiency as a function of DC resistive load is shown in Figure 

f” 5 ; T u S quarter-wavele ngth long balanced-wire transmission line 
that changes the impedance level from 50 ohms to 2500 ohms may 
be seen at the bottom of the cutaway section. The diode rectifier 
Was a HP 2900 diode 
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Figure 



Figure 6-4. Circuit schematic for the impedance transformation and 
rectification circuits. 



Performance chart of the impedance transformation and 
rectification cartridge. Output voltage can be obtained from the 
square root of the product of the DC load resistance and the DC 
power output. For example, at 10 milliwatts output into a load 
resistance of 5000 ohms, the output DC voltage will be 7 volts. 
Efficiency is defined as the ratio of DC power output to 
microwave power input. 
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An eight section low pass filter was used for these measurements for two 
reasons. First, the measurement sensitivity of the loss at the fundamental 
frequency was greater than for a filter with a relatively small number of 
sections. Secondly, it may be necessary to have filters with second harmonic 
attenuation in the '100 db range for very high power rectennas. Filters with 
such high attenuation may have idiosyncrasies unless the filter is so 
constructed that there are no other modes of propagation for the harmonic 
frequencies than a single TEM mode. 

The experimental results from the specially constructed eight section filter 
are shown in Figure 6.6. The attenuation losses are shown per individual 
section. At the second harmonic frequency the attenuation is 13.1 db per 
section or a total of 104.8 db which was measured and from which the 
average attenuation losses per section were derived. 

The eight section filter with its outer case removed is shown in Figure 6.7. 

It consists of bar type filter sections with which there has been considerable 
experience. In fact, the standard rectenna element whether of the bar type or 
thin-film type utilizes two sections of the same filter circuit in a balanced 
mode configuration. The balanced mode configuration, however, cannot be used 
in a high loss filter which must have an external shield to prevent the 
radiation of harmonics directly from the transmission line. A two wire line 
inside a shielded enclosure allows for another mode of transmission which 
cannot be tolerated. However, the balanced microwave circuit can be easily 
converted into an unbalanced circuit by running a ground plane physically 
through the center of the filter. This results in doubling the lumped 
capacitance and halving the effective inductance of the section of 
transmission line which has been use in place of the lumped inductance of the 
low pass filter. The characteristic impedance of the circuit will thereby be 
halved to 60 ohms from the 120 ohms of the balanced circuit but the other 
properties of the filter will remain unchanged. 

The filter design is based upon that outlined in "Communication Networks, Vol. 

II" authored by E.A. Guillemin (John Wiley and Sons) More specifically we 
have used the "constant k" filter design which produces the theoretical 
attenuation characteristic shown in Figure 6.6. As can be observed, there is 
excellent agreement between the theoretical! y predicted and the experimentally 
measured attenuation characteristic. 

The design shown in Figure 2.7 with its "SMA" connectors at either end could 
be easily connected between the broadside antenna output and the impedance 
changing and rectification cartridge. However, this could not be done because 
the two 48 element antenna arrays that had been constructed had been delivered 
to the customer prior to the work on the low pass filter. However, it was 
possible to connect a two section low pass filter in cascade with the second 
impedance changing and rectifying cartridge and compare the results with those 
in which no filter had been connected. The test circuit in which this 
comparison was made is shown in Figure 6.8. The backward directional coupler 
that was used was designed for the 4 to 10 gigahertz range. 

The results of this comparison are shown in figures 6.9 and 6.10 . A 
comparison shows that without a filter , the second harmonic reflected toward 
the input is down only about 8 db from the fundamental power input whereas 
with a two section filter it is down 35 db or about what one would anticipate 
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ATTENUATION PER FILTER SECTION IN dB 



Figure 6—6. Performance of a single section of the 8-section filter shown in 
figure 6-6, as derived from the overall performance of the 8 
section filter. The experimental observations follow closely the 
behavior predicted by filter theory. 
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Figure 6—7 An 8 section low-pass filter with a ratio of the attenuation of 
the second harmonic to the attenuation of the fundamental of 
1.12 x 10 26 . More specifically, the total loss was 0.39 db (9.4%) 
at the fundamental frequency and 104.8 db at the second harmonic 
frequency, with even more anticipated at the third harmonic 
frequency. Note that it was necessary to establish contact between 
the outer cylindrical shield and the interior ground plane at each 
filter section to avoid transmission of harmonic power from the 
output of the filter to its input. See figure 6-7 for details of 
filter performance and close agreement with filter theory. 
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Figure 6-8. Schematic of the arrangement that was used to check the impedance 
transformation and rectification cartridge for its harmonic 
generation. The backward directional coupler covered the range of 
4 to 10 GHz. 
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“CARTRIDGE #2 : NO FILTER INPUT VERTICAL SCALE : 10DB/DIY. 
FUNDAMENTAL FREQUENCY: 2AS GHZ HORIZ. SCALE: 200 KHZ/DIV. 



Figure 6-9. Harmonic power generation of the impedance transformation and 
rectification cartridge without an input filter. Note that the 
second harmonic power is less than 10 db down from the reference 
level of microwave power input. 
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2 SECTION LOW PASS FILTER INPUT VERTICAL SCALE: 10 DB/DIV 

DC POWER OUTPUT 10 MW - 55Z EFF. HORIZ. SCALE: 200 KHZ/DIV 
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Figure 6-10. Impedance transformation and rectification circuit preceded with 

a 2-section low pass filter. The second harmonic is now down to a 
level that is 35 db below the microwave input reference level. 
Figure 2-7 indicates that a 2-section filter should provide 24 to 
26 db. of attenuation at the second harmonic frequency. Figure 
6-9 indicates the second harmonic to be down about 8 db. 
without a filter. If this 8 db is added to the theoretical 
attenuation of the wave filter, close to the observed 
experimental value of 35 db. is obtained. 
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from a two section filter. Interestingly, the level of the third harmonic 
is higher with the fi lter than without it. There is no explanation for this 
observation. 

6.2.4 Design and Construction of the thin, 48 element dipole, broadside 
antenna array. 


The 48 dipole broadside array is shown mounted on a tripod in figure 6.1. 
the array measures 19 x 26 inches in area and is currently 1 1/4 inch thick as 
contained in a commercial picture frame. The array is constructed as shown in 
Figure 6.11. It is composed of twelve etched sections, each consisting of 4 
dipoles and the interconnecting transmission line. The twelve etched sections 
are mounted on a front plate made from 3/16 inch thick "polygal" which is a 
ribbed extruded plastic sheet of very low density and low effective dielectric 
constant close to that of air. The plastic sheet also adds rigidity to the 
assembly and protects the etched surfaces. Then 5/8 inch thick styrofoam 
plates are placed on the backside of the front assembly. A 0.020 inch thick 
sheet of aluminum is then placed over the styrofoam to form the back 
reflecting plane. For convenience of assembly and disassembly the resulting 
sandwich of material has been inserted into a rugged aluminum picture frame 
molding. 

The electrical schematic of the antenna is shown in Figure 6.2. The circuit 
elements are interconnected in a series-parallel format to match the 120 ohm 
impedance of each of the 48 dipole antennas to one 50 ohm output. The 
interconnections are made in such a manner that only the back side of the 48 
dipole array is involved with connections. 

The key to the construction of the antenna array is the 4 dipole etched 
section, shown in Figure 6.12, whose dimensions and construction are shown in 
figure 6.13. The dimensions were determined by making a series of dimensional 
changes and subsequent testing for input impedance and coherent phasing of 
dipoles. Note that a section of transmission line was left on the outboard 
side of the line to allow for a movable short for trimming purposes . 

Two 48 dipole arrays as shown in figure 6.1 were made. The first array used 
sections fabricated from Norplex-Oak GY 601 material with a 20 mil thick 
teflon-glass fiber dielectric with a 2.55 dielectric constant bonded on both 
faces to 1 ounce (1.4 mil thick) copper. Norplex-Oak, the supplier, is 
located on King Street in Lacrosse , Wisconsin. 


The material for the second 48 dipole array was procured from Keene 
Corporation Laminates, located in Bear, Delaware. It was a similar material 
but with a dielectric constant of 2.43 and a dielectric thickness of 19.3 
mils. It was purchased in place of a repeat order to Norplex-Oak because of 
much faster delivery time. The original development effort of the 4 dipole 
section used the Norplex Oak material. 

were two known differences between the two 48 dipole arrays that were 
constructed. The first was the use of slightly different composite material. 

The second was that the first 48 dipole array had a balun inserted between the 
output 50 ohm transmission line and the parallel plane transmission line that 
interconnects the rows of dipoles. Whether it was these differences or other 
factors is not known, but there was a substantial difference in the input 
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Fiaure 6-11. View of 48 dipole array with back cover (reflecting planej 

removed. Top half of picture shows the 5/8 inch thick styrofoam 
that spaces the front plane of the antenna from the back plane. 
Bottom half of picture exposes the back side of the front plane 
showing one arm of the dipoles and the back side of the 30 ohm 
transmission lines that connect the dipoles in parallel. The 20 
ohm parallel plane transmission lines that connect the rows of 
dipoles in parallel is exposed in the center of the photograph. 
The 50 ohm output transmission line and the balun is shown 
connected to the center of the 20 ohm transmission lines in a 
series format. 
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Figure 6-12 The 4-dipole section is the electrical and mechanical building 

block of the 48 dipole array. Two of these 4 dipole sections are 
connected in series to form a 8-dipole row with a nominal series 
input impedance of 60 ohms. Test data on the 8 dipole array are 
given in figures 6-24 and 6-25. The physical dimensions of the 
array and directions for its fabrication are given in Figure 








matches to the arrays. The second array had a reflection factor of about 0.14 
or power reflection of 2%, while the first array had a reflection factor of 
0.3 or a power reflection of about 10%. 

The integration of the already developed 4 dipole sections into the 48 
element array followed an orderly progression of steps, as follows: 

STEP 1. Two 4 dipole sections were connected together to form a 8 dipole row. 
The connection of the parallel-plane transmission line bus into the 8 dipole 
row was a series connection which causes the pattern reversal of the dipoles 
as viewed from the front face as is evident in Figure 6.1. If it is assumed 
that the individual dipole is 120 ohms, as shown in Figure 6.2, then the input 
impedance to a 4 dipole section is 30 ohms because the dipoles are all in 
parallel with each other. Now, if the inputs to the 4 dipole sections are 
connected in series, the input impedance to the row of 8 dipoles as seen by 
the vertical interconnecting bus is 60 ohms. 

STEP 2. Three of the 8 dipole sections are connected in parallel to a 20 ohm 
parallel plane transmission line bus. The remaining three 8 dipole connections 
are also connected in parallel to another 20 ohm transmission line. 

STEP 3. The inputs to the two 20 ohm transmission lines are then connected in 
series to a 40 ohm transmission line, which then becomes the single input or 
output port to the antenna,depending upon its operation as a transmitting or 
receiving antenna. This connection results in another pattern reversal from 
top to bottom, as viewed in figure 6.1 again. 

The complete 48 dipole array, except for the connecting busses, can be made in 
one printed circuit operation. The connecting busses can then be attached by 
a soldering operation. The layout of such a single printed circuit is shown in 
Figure 6.14. 

6.25 Testing of the 48 element dipole array. 

The completely assembled 48 element dipole broadside array consisted of both 
far field patterns around both axis, and very local measurements of the phase 
and output amplitude of each dipole element. The local measurements will be 
discussed first. 

The local measurements were made with a short dipole probe which was 
positioned directly over a rectenna element with a fixed separation from the 
dipole. This procedure is shown in Figure 6.15 for two rows of elements but 
the same procedure was used for the complete 48 element array. The source of 
power was the output port of a network analyzer. The output of the dipole 
probe was fed into the input port of the network analyzes and the output phase 
picked up by the probe was compared with the phase of the power going into the 
input port of the 48 element antenna. 

The resulting data is shown in figure 6.16. Phase data is shown of the left 
side of the figure. The root mean square value of the phase variation is 
15.7 degrees. This variation results in an antenna efficiency degradation of 
about nine percent and by itself is probably an acceptable figure. However, 
there is also a substantial variation in the amplitude which may further 
degrade the performance. 
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Figure 6-14. The complete 48 dipole array, except for the connecting busses, 
can be made in one printed circuit operation. Such an assembly 
is shown above. The connecting busses can be attached by a 
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‘igure 6-15. Phase and amplitude data were taken with a dipole probe with ver; 
short arms to minimize its impact upon antenna performance. 

Input of the array was fed from a network analyzer output while 
the output of the probe was fed back into the input port of the 
network analyzer. Same probe that was used successfully on a 64 
slot, slotted waveguide array was used. In the test above the 
probe is being applied to two rows of dipoles as described under 
STEP 2 of the antenna development in the text. 
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Figure 6-16. The above figures give the phase and output amplitude of the 
radiation from each of the 48 dipoles as obtained with the 
technique shown in figure 6-15. As derived from the data above, 
the rms random phase variation was found to be 17 degrees which 
is considerably more than that computed from the phase data given 
in figure 6-25 for the 8 dipole row. A 17 degree random 
variation in phase results in 10% scattering and degradation in 
antenna efficiency. Combined with the very substantial variation 
in amplitude the losses may be greater. 
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The antenna field patterns were taken by rotating the antenna around its 
vertical and horizontal axes. Figure 6.1 shows the adaptation of the tripod 
mounting for this purpose. It was possible to take these patterns without the 
use of an anechoic chamber or outside test range because of the use of 
a dual mode horn shown in Figure 6.17. This horn puts out a nearly 
theoretical gaussian beam and has very low side lobes so that reflections from 
the floor or ceiling are very low. 

The dual mode horn as it was used in the test area is shown in Figure 6.17. 

It was used to illuminate the 48 dipole antenna array shown in Figure 6.1 at a 
distance of 145 inches from the phase center of the dual mode horn or 
approximately 140 inches from the mouth of the horn. The gaussian nature of 
the illumination at this distance is shown in figure 6.18 as ob tain ed in 
earlier work. Because of the spherical phase front, the illumination of the 
19 x 16 inch antenna array was not uniform in phase. With respect to the 
center, the phase at the corners, the sides, and the top and bottom lagged 
that of the center by 70 , 46, and 25 degrees respectively. The amplitude is 
also not uniform. The power density of the beam varies as 

Pd = Po exp-(r/rk) 2 

where pd = power density at distance r from the center 
Po = power density at the center 
rk = distance at which power density is p 0 /e 

where e = 2.718 

At the distance of 145 inches, rk = 22.0 inches. 

Therefore with the use of the above equation the power density at the corners, 
sides, and top and bottom will be down by the multiplying factors of 0.607, 
0.705, and 0.83, respectively. 

From the above discussion it may be seen that the illumination was less than 
ideal, and possibly responsible for some of the relatively low capture 
efficiency of the 48 dipole array as determined by the procedure that was used 
for measuring the power density at the receiving array location. 

There were three approaches to determining the power density at the antenna 
receiving location. A crude method was to use an exposure meter manufactured 
by Narda. However, this instrument provides only a rough order of magnitude 
and is subject to both validity and repeatability errors. A second method is 
to compute the density at the center of the gaussian beam based upon theory. 
This computation gives the ratio of the power density at 145 inches from the 
phase center to the power injected into the throat of the horn, under the 
assumptions of perfect performance of the horn including no losses within the 
horn structure itself. This turned out to be 1.02 x 10-* mw/cm 2 for each 
milliwatt injected into the horn throat. However, because of the power 
density falling off from the center, the average power density over the face 
of the 48 dipole receiving array would be down by the multiplication factor of 
0.85, or down to 0.86 mw/cm 2 for each milliwatt of power into the throat. 

This computation is based upon a knowledge of how the power density falls off 
from the center of a gaussian beam and how it can be integrated to find the 
power within a given distance from the beam center. 
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Figure 6-17. The dual-mode horn which has negligible sidelobes has made it 
possible to obtain much good data, including antenna field 
patterns of the 48 dipole array, in an inclosure bounded by side, 
floor, and ceiling that were untreated with absorbing material. 

It is also possible to easily compute the curvature of the beam 
phase front and the amplitude variation at the test position of 
the 48 dipole array which was about 12 feet away. See figure 
6-18 for a comparison of the experimental antenna pattern that 
was obtained and a gaussian beam configuration. 
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Figure 6-18. Dual mode horn beam pattern at a distance of 145 inches from the 
phase center at the mouth of the horn. 




The value of power density that was used in the capture efficiency 
measurements, however, was based upon the use of the Polarad Calibrated 
Directional log periodic antenna. Model CA-LPR. A side view of this antenna 
and its effective area as a function of frequency is shown in Figure 6.18. 

This antenna has a physical interception area of about 254 sq. inches or 1640 
sq. cm. as compared with 3186 for the 48 dipole array. Its effective capture 
area, however, as obtained from Figure 6.19 is only 410 sq. cm. With an 
injected power of 500 milliwatts into the horn throat, 16 milliwatts was 
picked up by the Polarad antenna, thus giving a ratio of power density to 
injected power input of 0.78 x 10-4. This compares favorably with the value 
computed for the gaussian beam, particularly so if there are some I 2 R losses 
in the dual mode horn and the formation of a less than ideal or theoretical 

beam. 

If the value of 0.78 x 10-< mw/cm 2 is used and multiplied by the total 
interception area of the rectenna which is 3186 sq. cm., the total power 
pickup would then be 0.248 mw for each milliwatt injected into the throat of 

the horn. 

The actual power absorbed by the 48 dipole antenna arrays was considerably 
less than this. The first array absorbed only 0.083 mw for each mw of power 
injected into the throat of the horn while the second antenna that had a much 
better match to the 50 ohm output absorbed 0.110 mw for each mw injected into 
the horn. Thus the apparent absorption is only 45% of the incident power. 

To explain this difference various multiplying factors corresponding to 
several different kinds of losses can be introduced: 

o losses from I 2 R losses in the internal transmission 0.85 
lines of the 48 element arrays 

o losses caused by failure to introduce side lobes 0.86 

back into the illumination pattern of a uniformly 
illuminated aperture. 

o losses caused by lack of phase coherency across 0.8 

the radiating surface-also amplitude variation 

The multiplication of these factors reduces the efficiency to 58% 

In add itio n to the above factors there appears to be one associated with the 
size of the aperture. These are edge effects that affect the gain and the 
absorption efficiency. In the case of a 64 slot array, not too much larger 
than the 48 element array, the measured gain was decreased by one db or a 
factor of 0.79, and this agreed with the gain obtained when the radiation from 
each of the slots was computed and then summed. This would reduce the 
efficiency further from 58% to 46% and the factor could be larger for a 
smaller element array. However, as will be noted in the following discussion 
on antenna patterns, the position of the first side lobes indicate that the 
correction factor is only about 6% for effective aperture reduction. 

6.26. H-plane and E-plane antenna patterns 

The interfering reflections from the walls, floor, and c eil i n g were so reduced 
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Figure 6-19. This field intensity measuring antenna was mounted on the tripod 
shown in figure 6-1, and measurements made of intercepted powe: 
from the dual mode horn . This measurement of power density, 
although subject to validity criticism was used to evaluate the ' 
efficiency of the 48 dipole array. 





























with the use of the dual mode horn that relatively good antenna Patterns could 
be obtSnef by rotating the 48 dipole array around its verbal and horizontal 
axes while mounted on the tripod. (Figure 6.1) There did appear to be some 
interference from floor reflections in taking the E-plane pattern. 

The H-plane and E-plane patterns are shown in Figures 6.20 and 6.21. 
respectively. The H-plane pattern shows first sidelobes at 17 degrees 
rotation from normal incidence. 

The angular position of the sidelobes can be used for an indication of the 
effective width or height of an array. This follows from the dependency of 
the position of the sidelobes upon the dimension of the antenna, as given for 
exampleTy SUver (pages 180 and 181 of "Microwave Antenna Theory and Design ) 
according to the following expression: 

0 = sin' 1 Xu/xb, where 
b = long dimension of the array 
X = wavelength of the radiation (12.26 cm.) 
u = 4.4 for a uniformly illuminated array 
(Fig. 6.3 of Silver) 

If the 26 inch width of the picture frame is used as b, the predicted sidelobe 
should be at 15 degrees. 

Conversely, the above equation can be used to sdolve for b if the position of 
the sidelobe is found experimentally. The b that corresponds tolldegrees 
23.1 inches. So that the effective aperture is reduce from the actual 
aperture of 26 inches by the factor 0.88. 

On the other hand if we examine the E-plane pattern which applies to the 
height of the array, the effective aperture in that dimension is larger by t 

So^± r these °two corrections are multiplied together to obtain an effective 
aperture area for the array, the effective aperture is smaller than the 
physical aperture of 19 x 16 inch which has been used for efficiency 
collection computations by the factor of 0.933. This factor wo ^.^ rt ^ r 54% 
reduce the efficiency from 58%, as discussed in the previous section, to 54%. 

It is apparent that the 48 dipole array is far from 100% efficient for the 
variety of reason just discussed. However, many of the factors have been 
quantified by estimate only, and before improvement of those factors is 
undertaken, the validity of the overall efficiency measurement should be 
improved by placing both the 48 dipole array and the Polarad calibrating 
antenna ion a more nearly uniformly illuminating beam that has minimal phase 
front deviation from a plane wave front. This would require separating the 
illuminating horn and the 48 dipole array by a factor of at least two over the 
present separation. An outdoor range or a very large anechoic chamber would 
seem to be necessary for this undertaking. 
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Figure 6-20. Angular position and amplitude of side lobes provide interesting 
information about the 48 element array. Theoretically, for a 
uniformly illuminated array, the first side lobes should be down 
by a factor of 20 They are down by a factor of 19. They are 
also slightly further removed in angular position than theory 
predicts. 
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6.3 An alternative rectenna design for use in the equatorial plane 
6.3.1 Introduction 

As it was explained in the introduction, for a rectenna that is used solely in 
the equatorial plane and that is illuminated from Earth transmitting stations 
placed on the equator, there is no necessity for ”non-directivity ,f in the 
north-south direction. This relaxation in the performance requirements allows 
the collection of energy along a conventional linear array of dipoles by a 
transmission line which is connected to a termination consisting of first a 
low pass filter and then the rectification circuit to convert the microwave 
energy back into well filtered DC power. A rectenna consisting a many such 
linear arrays placed in parallel and closely together will be highly 
nondirective around the axes of the linear arrays. As indicated in the 
introduction such a rectenna has a number of advantages that includes (1) a 
means of attenuating to almost any degree the harmonics that result from the 
rectification process, (2) the operation of the diode rectifiers at a higher 
efficiency, and (3) a considerable reduction in the number and cost of the 
diodes. Typically, there will be a decrease in the number of diodes by a 
factor of 8 or 10 with an accompanying reduction in cost in the same 
proportion because the individual diodes will cost about the same. 

Eventually, as a result of learning experience, the individual diodes will be 
very low in cost, but initi a l l y the diodes will represent the predominant cost 
element in early rectenna production. 

To help put the proposed linear rectenna into perspective, Figure 6.22 shows 
its relationship both physically and historically, to first the conventional 
rectenna in which there is one diode rectifier for each dipole antenna 
element, and then to the broadside array in which there is only one diode for 
the whole array. The proposed linear array with a single diode for a limited 
number of dipole antenna elements is shown at the bottom of the figure. 

6.3.2 The linear dipole array 

In section 6.2.4 , "step 1" of the construction of the broadside array 
resulted in the construction of the prototype for the linear dipole array 
that is now being discussed. This prototype linear dipole array is shown in 
figure 6.23. Figure 6.24 shows how two sets of four 120 ohm dipoles which are 
connected in parallel to 30 ohm transmission lines are then connected in 
series to provide a nominal input impedance of 60 ohms. 

As was done for the entire array in figure 6.16, the phase and amplitude of 
the radiation from each of the eight dipoles in the linear array were made. 
Figure 6.25 presents this data. For comparison purposes, the rms phase 
variation was 9.9 degrees which would result in negligible scattering. The 
amplitude variation is also very small. The performance of the linear array 
with respect to phase and amplitude variation is considerably better than for 
the complete broadside array as presented in figure 6.16. 
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Figure 6-23. Proposed rectenna design that consists of an eight dipole linear 
array that is terminated with a four section low pass filter 
and the microwave rectification circuit. The banjo shape of the 
filter-rectification termination results from surrounding the 
diode with a circular radiator fin to radiate the heat resulting 
from any diode inefficiency directly into space. 


137 





Figure 


Figure 



j 

* 

. ** 

i ! 

A c 

_ 

T. 

- X 

^ 

i 

i 

* 

-C 

r m \j K 

/ 

f - 

—u- 

1 2 

HJ ~ •— 

) < 

i 

Vi/ 

!i 

15 ( 

1 

1 

) 


SCHEMATIC OF DIPOLE INTERCONNECTION WITH TRANSMISSION LINE 


-24. Schematic of the connection of dipoles to two transmission lines 
which are then connected in series. This arrangement results in 
generating the reversing patterns on the front side of the 
rectenna as shown in figure 6-1. 




6-25. Phase and amplitude of the radiation from each dipole in the 8 
dipole array. The rms phase variation is only 9 degrees which 
would result in minimum scattering and loss of efficiency of the 
beam. 
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6.3.3 The microwave filter and rec tific ation cartridge. 

The microwave filter and rectification functions can be physically 
combined in one structure. This unification can be considered as a historical 
derivative of the standard rectenna element as shown at the top of figure 
6.26 . This plug in element was used in the highly successful demonstrations 
of 54% overall DC to DC efficiency in the laboratory and in the demonstration 
at the Goldstone facility of the Jet Propulsion Laboratory when over 30 
kilowatts of rec tifie d DC power was obtained from a microwave beam source 
located one mile away. 

This plug in unit has a balanced circuit with a characteristic impedance of 
120 ohms which is matched to the 120 ohm dipole antenna. However, it can be 
converted into an unbalanced circuit by mechanically and electrically 
splitting the balanced circuit with a ground plane passing through its center. 
When this is done the propagation characteristics of the filter remain the 
same except for its characteristic impedance which is halved to 60 ohms. If 
the dipole antenna is removed, the remaining structure can be converted into 
coaxial structure shown in the middle of figure 6.26. 

However, the coaxial structure has a number of disadvantages. It is 
comparatively massive and the diode does not have an opportunity to pass the 
heat generated by its inefficiencies along to a large sized radiator for 
radiation of heat into space. Also it is awkward to pass the cylindrical 
shield over the active part of the capsule and if there are many sections of 
low pass filter the shield will have to be electrically bonded to the center 
core in many locations to prevent transmission of harmonic power from the 
recti fie r back to the input. For a discussion of this see section 6.2.3. 

The construction of the cartridge at the bottom of figure 6.26 is more nearly 
of a prototype nature , although the mass of its components could be reduced 
considerably. In this construction the diode sits in the middle of a large 
radiating fin which can adequately dissipate at relatively low temperature the 
two or three watts of heat that result from the diode's inefficiency. Tests 
of the ability of the diode to so dispose of the heat resulting from its 
inefficiency have been made and are discussed in section 6.3.5 

The construction shown at the bottom of figure 6.26 is very attractive from 
the parts fabrication and assembly point of view. The ground plane and 
h®at radiating fin can be one contiguous piece of black anodized aluminum of 
five or ten mil thickness. The low pass filter sections should probably 
consist of sections of an open air transmission line, to minimize dielectric 
losses, and lumped capacitors constructed from material with the lowest 
dielectric loss possible. As discussed in section 6.2.3 filter losses should 
be minimized as much as possible. Finally, the shield can be formed from very 
thin sheet metal and bonded to the rest of the ground plane to prevent any 
rad iatio n as well as to provide the whole assembly with an element of 
mechanical stiffness if it is wanted or needed. Ultimately, if mass of the 
assembly becomes an important issue , it will probably be found that the mass 
of the heat radiator will predominate . In this case, it should be pointed 
out that if the radiator is made from pyrolytic graphite, which has a density 
slightly less than aluminum but heat conductivity about six times that of 
aluminum, the mass of the radiator can be greatly reduced. 
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Figure 6-26. Historical evolution of the proposed filter-rectification 

package shown in experimental form at the bottom of the 
illustration. It has evolved from the balanced circuit format 
shown at the top of the illustration and which was used in 
rectennas for many years. The embodiment of an unbalanced 
vefs^on in a coaxial line format is shown in the middle. The 
coaxial approach, however, has a number of problems that are 
discussed in the text. These problems are resolved by the 
proposed construction shown at the bottom of the illustration. 


140 









6.3.4 High diode efficiency at high power levels. 

In the introduction it was noted that the effi c i e ncy of GaAs diodes operating 
at high power levels was considerably better than when operating at lower 
power levels. And in the context of efficiency at high power levels , GaAs 
Schottky barrier diodes are very much superior to silicon Schottky barrier 
diodes. 

In fact, few developments have had the impact upon the potential of beamed 
microwave power transmission that the heat-sinked GaAs Schottky-barrier dio de 
has had. It is highly efficient, can handle large amounts of microwave power 
input, and can operate at a high temperature consistent with the need to 
radiate into space any heat that may result from any inefficiency in its 
operation. As shown in Figure 6.27, the diode is packaged in a format that is 
excellent for conducting heat away from the diode. 

The diode has received a large amount of operational experience in such 
projects as the JPL-Raytheon Mojave Desert demonstration of the transmission 
of more than 30 kilowatts of continuous power by microwave beam over a 
distance of one mile. And it has withstood rigorous life testing as reported 
upon in section 4.2 of NASA CR-135194. 

A comprehensive experimental investigation into diode efficiency as a 
function of operating power level was made under Contract NAS3-19722 and 
reported upon in the final report NASA CR-135194. Under this contract, a 
method was developed to directly and accurately measure the heat resulting 
from the microwave power being dissipated in the diode when the diode was part 
of an unbalanced circuit with a ground plane, exactly analogous to the 
arrangement that is being currently discussed. Table 2-1 from that report is 
reproduced as table 6.1 in this report. Table 6.1 indicates that the 
respective diode losses (see column F) for incident microwave power levels of 
1,2, and 8 watts were 14.3%, 11.3% and 7.4% , respectively. 

In the conventional rectenna design for space applications, a microwave power 
input of from 1 to 2.5 watts per dipole is being proposed. Hence, in the case 
of a single diode per each dipole element, the diode inefficiencies will be 
greater than 10% of the microwave input. On the other hand, if power is 
collected from eight dipoles, a situation corresponding to that of the 
linear dipole array shown in figure 6.23, then the incident power on the diode 
will range from ten to 25 watts, a region in which it appears that the diode 
inefficiencies should be well below 10%. 

There is only a limited amount of experimental data on diodes being operated 
at power level in excess of ten watts, but the experimental data that does 
exist as well as the data resulting from theoretical considerations indicate 
that the high efficiencies should continue or even increase at power levels of 
as much as 25 watts per diode. The data that does exist is given in tables 
6.2 and 6.3. In examining these tables it should be noted that overall 
rectenna element efficiency is being considered and that the diode accounts 
for only a portion of the corresponding inefficiency. It is also noted that 
the diodes that are designed for higher power will have larger junction areas 
and therefore greater heat dissipaion capability at the junctions, it is also 
noted that these GaAs diodes are of the mesa type of construction and that 
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CUT AWAY VIEW OF RAYTHEON MICROSTATE 
GoAs SCHOTTKY BARRIER DIODE 


Figure 



-27. The efficient heat-sinked gallium arsenide diode shown above in 
its packaged form is a key component in the proposed new 
rectenna approach. When operated at the ten watt or more level 
the losses in the diode can be as low as 7% of the microwave 
input power. The diode can easily transmit 3 watts of heat to a 
radiator of the form shown in figure 6-26 which in turn can 
radiate the heat to space at a temperature much below the 
operating temperature limits of the diode. It follows that the 
diode can easily handle the twenty watts of microwave power at 
which it may be required to operate in the new rectenna 
approach. 
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TABLE 6-1 

DC Power Output, Diode Losses and Circuit Losses 
as % of Absorbed Microwave Power * 


A 

B 

C 

D 

E 

F 

G 

H 

I 

Incident 

Mic rowave 
Power 

Level 

DC Load 
Resistance 
(ohms) 

Absorbed 
Power in 
Element 
(Watts) 

Reflected 

Power 

(Watts) 

DC Output 
as % of 

C 

Diode Losses 
as % of 

C 

Measured and 
Computed 
Circuit Losses 
% of C 

Total 
Measured 
Losses and 
DC Power 
Output 

E + F + G 

100% - 

0. 100 

80 

0. 085 

0. 015 

56. 50 

36.0 

2.62 

95.12 

4.88 

0. 200 

80 

0. 180 

0. 020 

66. 70 

28. 26 

2.62 

97. 58 

2.92 

0.400 

80 

0. 375 

0. 025 

74. 30 

21. 86 

2.62 

98. 78 

1.22 

0.600 

80 

0. 573 

0. 027 

77. 80 

18.84 

2.62 

99. 26 

0.74 

0. 800 

80 

0. 772 

0.028 

80. 00 

17.34 

2.62 

99.96 

0. 04 

1. 000 

80 

0. 991 

0.009 

82.30 

14.30 

2.62 

99. 22 

0.78 

2.000 

80 

1. 997 

0. 003 

86. 12 

11.33 

2.62 

100. 07 

-0.07 

3.000 

80 

3.000 

0. 000 

87. 60 

10. 17 

2.62 

100. 39 

-0.39 

4.000 

80 

3.998 

0. 002 

88.45 

9.24 

2.62 

100, 31 

-0.31 

5. 00 

80 

4.992 

0. 008 

89. 06 

8. 77 

2.62 

100. 45 

-0.45 

6. 00 

80 

5. 984 

0. 016 

89. 50 

8. 39 

2.62 

100. 51 

-0.51 

7. 00 

80 

6. 972 

0. 028 

89.95 

8. 11 

2.62 

100. 68 

-0.68 

8. 0 

80 

7. 957 

0. 043 

90. 26 

7.93 

2.62 

100. 81 

-0. 81 

8.0 

90 

7. 958 

0. 062 

90. 59 

7. 51 

2.62 

100.72 

-0. 72 

8. 0 

100 

7. 850 

0. 150 

90. 54 

7.40 

2.62 

100.56 

-0. 56 


Test made use of grounded-plane test fixture and diode No. 

40593 - CPXIG No. 13, a GaAs-Pt standard reference diode. 

This value is a composite of following measured and computed inputs. 

Measured loss at fundamental frequency in microwave input filter is 2.37%± 0.3% 
Computer simulation of loss including harmonics in input filter is 1.83%. 

Computer simulation of other circuit losses is 0.25%. 

Computer simulation of all circuit losses is typically 2.08%. 


The decision was to add the measured input filter loss at 2.37% to the 0. 25% "other circuit losses" computed by 
computer and add an uncertainty factor to give 2. 62 ± 0. 4%. 
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TABLE 6-2 


SPECIAL HIGH CAPACITANCE DIODES CHECKED OUT AT HIGH POWER OUTPUT 
IN A RECTENNA ELEMENT WITH AN IMPEDANMCE INPUT OF 60 OHMS. 

(Work reported in report #11. May 1976 of LeRC Contract NAS 3-19722) 
Diode C to = 7.5 pf. V br = 70 Volts. 


DC Power Output 
(Watts)_ 


Load Resistance 
(Ohms) _ 


Efficiency 

(%) 


9.45 

80 

86. 7 

10. 1 

80 

86.9 

15. 1 

80 

87.3 

16.46 

70 

87. 5 


TABLE 6-3 


COMPARISON OF PERFORMANMCE OF HIGH CAPACITANCE DIODE 
WITH THAT OF THE FIRST 500 DIODES FOR THE GOLDSTONE RXCV 


C, Capacitance 
to r 

InDut Microwave Power 
Load Resistance 
Reflected Power 
Efficiency 


First 500 RXCV 
Diodes _ 

3.7 (Avg. ) 

6 watts 

160 ohms 

0. 040 (typical) Watts 
86. 3% (Average) 


Special High Capacitance 

_ Diode __ 

7. 5 

10 watts 
80 ohms 
0. 125 watts 
87. 1% 


(Note) Efficiencies given are for the complete rectenna 

ELEMENT- NOT JUST THE DIODE. 
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diodes with larger junction areas are easier to fabricate. These diodes 
should therefore be no more expensive than low power diodes. 


6.3.5. Experimental data on radiation cooling of diodes in vacuum. 

In the previous section it was noted that GaAs diodes when operated at the ten 
watt level or above can easily have inefficiencies of 10% or less. If the 
inefficiency is 10% then it follows that if power dissipation is the limiting 
factor the diode can handle an amount of microwave power input that is 
ten times greater than the dissipated power. Thus, if the diode can dissipate 

3 watts, a power input of 30 microwave watts and a rectified dc output of 27 
watts follows. 

What has been needed is some experimental operation of diodes within a vacuum 
to determine if the dissipated power which is generated in a small region 
within the diode can be conducted to an external radiator and gotten rid of as 
radiated heat. Some initial experimental data on the radiation cooling of 
diodes in vacuum by an attached circular radiator has been obtained. In this 
experiment a known amount of power was dissipated in the diode simply by 

running dc power into the diode and noting the corresponding values of current 
and voltage. 

In the specific test, the power inserted into the diode was 3 watts. All of 
this power was conducted to and radiated from a black anodized aluminum disk 
that was two inches in diameter and 20 mils thick and weighed 2.8 grams. A 
thermocouple was placed half way between the center and the outer edge of the 
disk so that the transient and steady state temperature response to a sudden 
insertion of power into the diode could be noted. Figure 6-28 shows both the 
radiator disk and the diode inserted into the disk with the attach 
thermocouple and power input leads. 

Figure 6-29 shows the vacuum bell jar facility in which the test was made. The 
facility was also used for tests on a radiation cooled magnetron which is the 
item shown in the bell jar in Figure 6-29. 


The response curve to a sudden insertion of three watts of power is shown 
hi figure 6-30. It is noted that the steady state temperature reaches 115 
degrees Celsius. This is certainly a low enough temperature to allow the 
diode to keep its Schottky barrier diode interface below 200 degrees Celsius, 
a temperature where the diode should have very long life. 

It is of interest to know what the temperature of the disk is as a function 
of radial distance from the center. It was not possible to obtain this 
experimentally, but a worst case situation can easily be determined if it is 
assumed that all of the dissipated power is conducted from the center of the 
radiator to its outer edge without any radiation into the vacuum. Under these 
circumstances the temperature drop in the radiator as a function of 
radius follows the expression below: 
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Figure 6-28. Arrangement for disposing of heat generated by the inefficiency 
of the diode. The diode is inserted into a 2" diameter aluminum 
disk that has been black anodized. The disk with an emissivity 
coefficient of over 0.8 radiates the heat into the vacuum of 
space. 
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Figure 6-29. Vacuum bell jar in which the diode with its radiator is placed. 

Shown in the bell jar is a radiation cooled magnetron for 
generation of microwave power in space. 
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AT = — 0.038 H In r/ro 
k d 


where: H is the heat in watts being transmitted through the disk 
r is the value of radius to compute T 
ro is the inner radius where the heat is inserted 
k is the heat transfer coefficient for the conducting material 
d is the thickness of the material in centimeters 

A plot of AT as a function of radius of the aluminum disk is shown in figure 
6-31. Because ro is so small, only 0.15 cm, most of the temperature change 
takes place close to the center of the disk so that the radiating area is so 
small as to have a negligible influence on the temperature change in that 
area. Hence the "worst case" expression gives data very close to the real 
situation when used close to the center of the disk. 
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Figure 6-30. Temperature- time response of diode-radiator assembly to sudden 
insertion of 3 watts of power to be dissipated. Thermocouple was 
place at a point half way between center and outer radius. 



RADIUS IN CENTIMETERS 0519579 

Figure 6.31. "Worst case" steady state distribution of temperature on 

radiating disk in which it is assumed there is flow of 3 watts 
of power from center to edge of disk without heat radiation. 
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III. CONCLUDING REMARKS 


The combination of two electronic technologies to provide all-electronic 
propulsion and transportation in an aerospace environment has inspired the 
term "Transportronics" to describe this new technology. This report has 
covered an important application of this technology in which electric 
propulsion in space is supplied with power beamed from the Earth by 
microwaves. 

Although a number of papers have been written on this application, it 
is believed that this is the first report on any work supported by NASA or any 
other government agency. As such it provides more background material and more 
depth of discussion than any previous document and discusses for the first 
time the interface between the microwave technology and the electric thruster 
technology. 

The report has first sought to establish a better perspective on where the new 
technology is positioned in the unfolding development of space, and then it 
performed a systems analysis to establish some baseline performance 
characteristics for a "transportronic" system for transportation between LEO 
and GEO. These characteristics were transit times from LEO to higher orbits 
including GEO, energy costs to place a kilogram of payload in GEO and lower 
orbits, and capital costs. The analysis was based upon a "scenario" selected 
by the author to represent a compromise between the full potential of a mature 
system to reduce transportation costs and the reduced capital cost of an 
initial system. 

Those who have studied the proposed system recognize its merits and the fact 
that the basic technology at both the transmitting and receiving ends of the 
system are in an advanced state of development. However, in the usual learning 
curve on the application of new technology, a sizeable step has to be taken 
from the demonstrated beaming of tens of kilowatts of power over a distance of 
one mile on the Earth to transmitting tens of megawatts of power into space 
and applying it to electric thrusters. Just how this sizeable step can be 
successfully taken needs a substantial amount of study . In the absence of a 
compelling reason to take a giant step into space with the technology, some 
additional steps should be taken to ready the technology for that step. It is 
beyond the scope of this report to examine what all of those steps should be, 
but it is obvious that a complete system including the ion thrusters and most 
of the elements of the microwave subsystem should be demonstrated in some 
facility that exists on the Earth's surface. 
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APPENDIX A 


PAYLOAD DELIVERY TO GEOSYNCHRONOUS ORBIT AS A FUNCTION OF ELECTRIC 
THRUSTER PCWER RATING, PAYLOAD FRACTION, AND SYSTEM MATURITY 

Note: This appendix constitutes a section of one of the many monthly reports 
that were prepared under the contract. The procedure for determining transit 
times and payload delivery and propellant required is similar to that assumed 
for the "system scenario" in section 3.6 of the text of the final report. It 
is, however, more directed toward maximizing payload delivery and minimizing 
costs that are associated with very large systems. 

Seme additional simplifying assumptions are made to those made in the analysis 
in section 3.6. Two that make the results more optimistic are that no 
allowance for turn around time is made and that the acceleration of the 
vehicle is assured to be constant throughout its journey. This latter 
assumption gives trip times that are from 15% to 20% less than those in the 
section 3.6 scenario analysis. One that makes the operating costs for the 
fully mature systems less optimistic is that the transmitters are assumed to 
be operating at ful1 power output during the time that they are in contact 
with the OTVs. 

One of the outcomes of the forthcoming discussion is that large payload 
fractions are desirable from the viewpoint of maximizing the amount of payload 
that is delivered. However, it is at the expense of much longer transit times 
for payload delivery. Large payloads also minimize the importance of 
minimizing the dry vehicle mass, because it becomes only a small fraction of 
the total mass to be accelerated. 

The material below is copied from the monthly report, except as noted by 
material enclosed in ( )s. 

We will be interested in the flow rate of payload from 300 kilometer orbit to 
geosynchronous orbit as a function of some parameter that cam be 
readily understood and that can be closely related to other parameters of the 
system. A very useful parameter is a kilowatt of power into the ion thruster. 
This, together with the specific impulse at which the thruster is operated, 
will give us the propulsive force per kilowatt. We can also associate a mass 
of the ion thruster with each kilowatt of power input. Then the assumption is 
made that the dry weight of the vehicle is three times the mass of the ion 
thruster. Therefore we can find the acceleration of the empty vehicle by 
itself, and from there we can add the payload mass and the propellant mass and 
examine what happens with an increase in payload fraction from zero to a high 
value. 

We will base the performance of the ion thruster on that projected for the 50 
cm thruster on page 13 of NASA Technical Memorandum 100109, AIAA-87-1903, 
D.L.Galecki and N.J. Patterson. We find that the thrust per kilowatt of power 
consumed is 0.038 Newtons per kilowatt. The mass of the thruster per kilowatt 
of power input, usually known as the specific mass, has been obtained by 
referring to Table VI of the same report. There it is found that the ratio of 
mass to power consumed by the thrusters is 0.685 kg/kw. 
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Each kilowatt of power input to the thruster provides 0.038 Newtons of 
propulsive force and corresponds to a thruster mass of 0.685 kilograms. The 
self acceleration of the thruster is then 0.038/0.685 or 0.055 m/s- 2 

The assumption was previously made that the rest of the vehicle, including the 
rectenna, power conditioning, structure, and propellant tanks, would have a 
mass twice as great, so that the acceleration of the dry vehicle would be 
0.055/3 or 0.0185 m/s 2 . 

Procedure to calculate payload delivery rate. 

1. Normalize the ratio of the dry mass of the vehicle to the power input as 
three times the ratio of the mass of the ion thruster to its power input 
which is 0.68kg/kW so that the ratio of dry vehicle mass to power consumed 
by the ion thrusters is 2 kg/kw. Also the ratio of propulsive force to 
power is 0.037 Newtons/kW. The acceleration of the dry vehicle is then 
.0185 m/s 2 . 

2. Find the mass of the propellant to return the empty vehicle from GEO to 
LEO. The amount of propellant is determined as Mo - M from the equation 

Mo = Me“ t v , where (1) 

Mo = initial mass 

M = terminal mass 

U = velocity change between LEO and GEO 
assumed to be 4600 n\/s 

V = exhaust velocity of the thruster. For Xenon and 

an applied potential of 1500 volts to the ion thruster, 
the velocity v is 40,000 n\/s. 

Inserted comment: The propellant mass from (1) to bring the dry vehicle 

mass of 3 kg back to LEO is 0.36 kg. 

3. Find the transit time between GEO and LEO for the empty vehicle plus the 
propellant carried aboard (from equation 3.7 in text), . It is recognized 
that the propellant will be consumed during the journey so that its average 
mass will be approximately (Mo - M)/2. This mass of .18 kg is then added 
to the dry vehicle mass of 3 kilograms and the average acceleration 
found. ( At this point it is assumed that the rectenna is provided with 
full power density at all points between LEO and GEO. This is an unreal 
assumption except for the largest of microwave power transmission systems 
which would support a much larger transmitting antenna but the differences 
in the transit times between this ideal system and that achieved with an 
initial 2 square kilometer transmitting antenna with peak power of 500 
megawatts output is not that great, perhaps 15% less). 

4. Examine the vehicle and its payload as it arrives in GEO. It will have not 
only the payload aboard but residual propellant mass for the return trip of 
the entity vehicle to LEO. The mass M in equation (1) then becomes 

M = Mpayload + Mpropellant tor return trip (2) 

5. Calculate the Mo in LEO to deliver the M in expression (2) to GEO. 
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Again, the difference between Mo and M is the propellant. 

6. Find the transit time between LEO and GEO (from equation 1.7). Again the 
average propellant mass between LEO and GEO is added to the mass of the 
vehicle and its payload to determine the average acceleration. 

7. Divide the total payload delivered by the sum of the transit times up and 
down. This will give the time rate of payload delivery for each kilowatt 
of power into the ion thrusters. The unit of time to be selected is 
arbitrary but it is natural to think in terms of days so that the "day" 
unit is selected and delivery rate is in terms of kg/day. 

8. Determine the payload fraction by dividing the arbitrarily selected payload 
by the total takeoff mass in LEO. 


Pay1oad delivery r ate as a function of payload fract i on. 

Figure 1 shows the relationship between payload delivery rate and payload 
fraction. This graph was obtained by using the first seven steps in the 
foregoing procedure to find the rate of delivery corresponding to various 
payload units. The corresponding payload fraction, using step 8, was found 
for each of these cases. Each case is a point on the curve of figure 1. It is 
noted that the payload delivery rate is a strong function of the payload 
fraction. 

Propellant f raction as a function of payload fraction. 

The propellant fraction can be obtained by dividing the propellant used for a 
given payload mission by Mo at takeoff from LEO. It can then be plotted 
against the payload fraction. As figure 1 indicates this fraction varies from 
0.195 for zero payload to about 0.1 for a payload fraction of 0.8 

Number of metric tons of payload delivered to geosynchronoous orbit per year 
as a f unct ion of OTV power rati ng , sys tem maturity, and payload fraction. 

Table A represents a compilation of data obtained by assuming different 
payload fractions, power levels, and system maturity. The results range from 
29.2 metric tons (1000 kilograms is one metric ton) for a 0.2 payload 
fraction, a 10,000 kilowatt vehicle and a single beam OTV system, to 30,360 
metric tons for a 0,8 payload fraction, a 100,000 kilowatt vehicle, and a 
mature 4 beam , 4 OTV system. These payloads are for one year of operation. 

Note to the reader if Table A in this appendix is compared with Table 3.3 in 
the regular text of the report. The difference between 30,000 metric tons 
delivered per year and 60,000 metric tons is in the size of the OTV, being 
rated at 200,000 kW of power into the thrusters rather than 100,000 as in 
Table A. Only aui extremely ambitious program would justify a single 200,000 kw 
OTV or a convoy of smaller units adding up to 200,000 kW consumption. 


159 



■sr 

o 


n-n 

o 

T 


CU LU 

o < 
oc oc 
CL. U_ 


CM 

O 

T 


h— 




H-CM 

OO 




HH 

oo 

ZD 


* • 

QC 

PQ 

X 

QC 


LU 

LU 

QC 


"T 


—J 

h— 

O 

in 

►— 


LU 

LU 


00 



hh 

r 

QC 

H 

21 


ZC 

O 

LU 

O 

O 

2C 

LU 

_J 

h— 

■ 

i—< 

O 

> 

I—H 

LU 

o 


►—4 





o 

h— 

DC 


O 

oo 

1—* 

LU 

LU 

o 

_J 

k—4 


<c 

LL. 

o 

t—t 


h- 

ac 

OO 



LU 


LU 

z 



—J 

CU 


<c 

y 

o 

tu 


ca 

QC 

o 

o 

k—4 

►—i 

<c 

1— 

QC 

hD 

cc 


o 


LU 


LU 

2 e 

_J 

—J 


o 

> 


>- 

<c 

O 

H- 



<c 

H— 

LU 


>- 

QC 

Q_ 

k—-4 

LD 

OO 

1— 


<C 

CU 


< 

O 

OO 


LU 


PQ 


z 

CU 


o 

Cl. 

LU 

QC 

O 

QC 

3EI 


o 


"C 

O 

h- 


LU 


CM 

O 

H- 



1“ 



cr 

LU 


LU 

ca 

LU 

LU 



LD 

LU 

O 

c 

QC 

O 


oo 


O 


o 



o 

1—4 

O 


O 

u 


z 

z 


f— 



>- 

LU 

o 

LU 

LU 


o 

QC 

<c 

^Z 

k— < 

X 

OO 


1—4 

<c 

CU 

1 — 

I— 


_ 1 


1“ 




<c 

oo 

> 

LU 

o 

LU 

oo 

O 

QC 

k—4 

CU 

\— 


LU 

QC 


LU 



<C 

— ) 

OO 

LU 

<c 

-J 

f— 

k—4 

DC 

LU 


> 


LU 





LU 

HH 

1— 

LU 

<c 

LU 


OO 

lu 

—J 

k—4 

LU 

—1 

k—i 

O 

<c 

z 

LU 

PQ 

<c 

— J 

LU 

_l 


<c 

CD 

QC 


LU 

k—4 

LU 




O 

LU 

CU 

LU 



QC 

> 


_J 

o 

LU 

ca 


O 

h- 


LU 

QC 

CU 

<c 


LU 

O 


OO 

CU 

OO 

o 


QC 






_ 1 


LU 






>- 


CU 







oo 

o 



oo 

o 


LO 

o 


o 


CM 

O 


LO 




-cr 


QC 

o 




o 


LU 





. 


H 

o 




o 


OO 



o 






3e 

LU 



QC 

QC 


o 

LD 



LU 

z 


-J 


♦ 



*— 


LU 

O 

^E 


o 




H— 

X 


CU 

Z! 


CD 


X 



o 


C 

t—4 

>- 


LU 

1—4 


O 


<C 


a 




LU 

a 


i 

o 


>- 

1— 

x 


* 

1— 


<c 

<c 

LD 



2C 


CU 

QC 

X 



»—» 


160 


PAYLOAD FRACTION 



NUMBER OF METRIC TONS OF PAYLOAD DELIVERED TO GEOSYNCHRONOUS ORBIT PER YEAR 
AS FUNCTION OF OTV POWER RATING. SYSTEM MATURITY, AND PAYLOAD FRACTION 


























APPENDIX B 


MATHEMATICAL ANALYSIS OF BUS BAR MASS AND ELECTRICAL LOS SES IN OTV 

For purposes of analysis it is assumed that the rectenna is rectangular as 
shown in Figure 1 with coordinates y and x, and that it is uniformly 
illuminated by the microwave beam, a condition that approximately exists when 
the rectenna intercepts less than 50% of the beam.. 

If the uniform DC power density taken for the rectenna is P«j, then the power 
collected from an element of the rectenna that is ky wide and dx long is 
Pay dx. If the potential between the busses is V (also the potential applied 
to the electric thrusters) the resulting current flow is 

Pd y dx 

dI = - (1) 

V 


The total current flowing in the conductor at distance x is then 


I 


* Pd y dx 


O v 


Pd y x 

- ( 2 ) 

V 


Let the conductance of the bus vary with distance x as kox, where o is the 
conductivity of the metal used for the conductor, and k is a proportionality 
constant with dimension such that kx is the cross sectional area at distance 
x. The conductance o is that of a unit cube of material. Then the electrical 
resistance, r, per unit length that corresponds to the conductance is : 


r = 1/kox (3) 

The I 2 r losses that occur per unit length at distance x if found by combining 
equations (2) and (3) so that 


Pd 2 y 2 x 2 dx 

d( I 2 r) = - (4) 

V 2 k o x 

The total power, Pb , dissipated in a single bus of length L is then 

f L Pd 2 y 2 x dx Pd 2 y 2 L 2 

Pb = - = - (5) 

Jo V 2 ko 2 k o V 2 

The loss in both busses will be twice that given by equation (5) 

From a practical point of view we would like to know the factor k, from which 
the mass and cross section of the physical conductor can be determined, as a 
function of the ratio of dissipated power to power collected by the rectenna, 
which will be denoted sis (3 


Fft’ii MLAfik WOT 
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The ratio, (5, is easily found because the power collected is simply Payl, from 
which 

Pi y L 

a =- 

V 2 3 o 
Pd y L 

from which k = 

V 2 k o 

Now we will want to know the corresponding mass of the conductors and compare 
that with the total mass of the rectenna, and eventually with the total mass 
of the vehicle. 

The mass dMc of the conductor per unit length at distance x is easily found by 
multiplying kx which is the cross section at distance x by the mass of the 
conductor material per unit cube, a 

dMc = k x a dx 


( 6 ) 

(7) 


and 


Me 


L 

k a x dx 
. o 


k a L 2 / 2 


( 8 ) 


The total mass of the two conductors is twice that given by (8) 

Now the mass of the rectenna (without the main conductors) is Hi y L where 
Md is the rectenna mass per unit area. 

Than the ratio, r ro , of the mass of the two conductors to the mass of the 
rectenna is 

r m = k o L 2 / Md y L = koL/May (9) 


Substituting the value of k given in equation (7) 

Pd L2 a 

rm = - 

o 3 V 2 Md 


( 10 ) 


Discussion of the results of the analysis 

Equation (10) indicates how the ratio of the mass of the conductors to the 
total mass of the rectenna varies as a function of the total area of the 
rectenna and the percentage of the rectenna power that is dissipated in the 
current carrying blisses. 

Quite clearly the ratio depends upon the size of the rectenna as given by L 2 
and depends inversely upon the square of the voltage rating of the electric 
thrusters to which the busses are connected. Therefore, for large rectennas it 
is very inportant to have the power collected at high voltage. Finally, as 
expected, the ratio r m depends upon the electrical conductivity and the 
density of the conducting busses. 
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It might be interesting to apply sane of the material developed above to the 
rectenna in the OTV scenario examined in section 3.6. For example, it might be 
of interest to know what the mass of the bus bars would be if, for example the 
electrical losses in the bus bars was held to 2% of the power output of the 
rectenna. To find the bus bar size equation (7) is used to determine the 
parameter k which will determine the cross section at any distance x. In 
equation (7) Pd is taken as 400 w/m? , y as 226 meters, and L as 226 meters to 
produce 20 megawatts of power. The bus voltage V is taken as 1500 volts., (3, 
the ratio of dissipated power to rectenna power output, is to be limited to 
2%, and o is 0.36 x 10?.. From (7) the computed value of k is 1.23 x 10- 5 . 

The largest bus bar section is when x = L, and the cross section is found to 
be 27.6 x 10-« square meters. Now because the bar is linearly tapered between 
x =0 and x-L, the average cross section is 13.8 am?, or 13.8 x 10" 4 m?. The 
total volume of the 226 meter long bus is then 0.312 cubic meters if aluminum 
is used. A cubic meter of aluminum has a mass of 2800 kilograms, so that the 
total mass of the two bus bars is 1,744 kilograms. 

In the scenario the total mass of the rectenna was assumed to be 14,000 
kilograms, so that the ratio of the bus mass to the rectenna mass is 
1,744/14,000 or 12.5%. 

The computed bus loss Pb is from (5) approximately 200,000 watts or 1% of the 
rectenna power output. The two busses account for 2% which is the value of 3 
used in the calculation. 

If we increased (3 to 5%, then the ratio of the mass of the bus bars to that of 
the rectenna would decrease to 5% also. 
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